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ABSTRACT 


An  analysis  of  the  motion  of  hot  electrons  when  passing  through  a 
thin  metal  film  is  given,  with  particular  reference  to  the  cold-cathode 
emitter  and  photoelectric- type  devices.  Electron-electron  collisions 
are  considered  to  be  responsible  for  the  slowing  down  processes  within 
the  film  and  sufficient  collisions  are  assumed  to  occur  so  that  the  motion 
is  diffusive.  The  di fferential - scattering  cross  section  is  assumed  to 
be  almost  spherically  symmetrical  in  the  center-of-mass  system  of  co¬ 
ordinates,  and  thus  the  equations  deduced  by  Wolff  (which  include  electron 
multiplication)  may  be  used.  Methods  of  solving  the  integrodif ferential 
equation  are  given.  The  effects  of  the  Exclusion  Principle  are  in¬ 
corporated  and  a  partial- di fferential  equation,  involving  the  electron- 
electron  mean  free  path  and  the  energy  loos  per  collision  as  energy- 
dependent  parameters,  is  deduced.  This  equation  is  solved  in  detail 
using  boundary  conditions  which  allow  for  a  large  percentage  90  per¬ 
cent)  of  the  hot  electrons  to  be  reflected  from  the  film  surfaces.  It 
is  found  that,  for  diffusive  motion,  the  total  current  emitted  is  ap¬ 
proximately  proportional  to  the  inverse  of  the  film  thickness. 

An  analysis  of  electron  tunneling  through  an  insulator  is  also  made 
in  relation  to  the  cold-cathode  emitter. 
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I.  INTRODUCTION 


The  expression  hot*  electron  is  used  to  describe  those  electrons 
present  in  a  solid  which  have  an  energy  much  above  that  of  the  average 
electron  present  in  the  material  and  are  thus  not  in  thermal  equilibrium 
with  the  lattice.  In  a  metal  the  energy  may  be  about  twice  that  as¬ 
sociated  with  those  electrons  at  the  Fermi  level,  whereas  in  a  semi¬ 
conductor  their  energies  would  be  larger  than  that  corresponding  to  the 
lower  limit  of  the  conduction  band.  The  properties  of  hot  electrons 
differ  from  those  of  ordinary  electrons  in  the  solid,  as  they  have  a 
much  shorter  lifetime  and  undergo  different  energy- loss  mechanisms. 

Any  description  of  their  motion  within  a  material  is  necessarily  different 
from  that  of  other  electrons. 

There  has  been  considerable  interest  recently  in  the  cold-cathode 
emitter  as  a  device  in  which  hot  electrons  are  injected  into  a  thin  metal 
film  and  allowed  to  diffuse  across  the  film.  The  theoretical  problems 
involved  are  very  complicated  and  the  present  report  contains  the  results 
of  investigations  aimed  at  understanding  more  fully  the  physical  princi¬ 
ples  inherent  in  such  devices.  The  approach  is  phenomenological  and  no 
attempt  will  be  made  to  derive  the  parameters  from  first  principles.  In 
addition,  the  description  to  be  used  is  classical  in  several  instances, 
although  quantum  mechanical  modifications  are  fully  discussed. 

Hot  electrons  may  be  injected  into  a  film  using  either  electrical 
or  photoheating  methods.  Technically  the  latter  method  is  more  straight¬ 
forward  but  one  advantage  of  the  electrical  heating  method  is  that  hotter 
electrons  may  be  produced.  Chapter  II  describes  the  tunnel  emission  of 
the  electrons  into  the  film  through  a  triangular-shaped  potential  barrier 
presented  by  the  insulator,  and  also  describes  the  geometry  of  the  cold- 
cathode  device.  A  brief  survey  of  the  motion  of  hot  electrons  in  metal 
films  is  given  in  Chapter  III  and  the  problems  present  are  outlined.  In 
addition,  a  summary  of  other  recent  theoretical  discussions  is  given. 
Chapter  IV  is  largely  concerned  with  the  background  to  the  central  theme 
of  the  present  investigation,  namely,  the  diffusive  motion  of  the  hot 
electrons  through  a  metal  film.  It  is  applied  to  the  problem  of  photo¬ 
electrons  generated  within  the  metal  film  (Chapter  V)  and  followed  by 
considering  the  injection  of  hot  electrons  into  the  film  (Chapter  VI). 

The  diffusion  equation  is  solved  taking  into  account  reflections  at  the 
film  surface.  Interpretation  of  the  calculation  for  the  electron  yield 
is  given  in  Chapter  VII  and  is  discussed  in  relation  to  experimental  work. 
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II.  GENERATION  OF  HOT  ELECTRONS  IN  A  OOLD> CATHODE  DEVICE 


Consider  a  sandwich  composed  of  a  thin  dielectric  film  of  thickness 
a  100  A)  deposited  on  a  base  metal  with  another  thin  metal  film  of 
thickness  b  a)  deposited  on  the  dielectric.  With  no  potential  applied, 

the  energy  band  structure  and  Fermi  level  may  be  sketched  as  shown  in 
Fig.  1.  On  assuming  infinite  extensions  of  the  films  in  the  y-z  plane, 


VACUUM 

LEVEL 


FIG.  1.  BAND  STRUCTURE  OF  THE 
COLD -CATHODE  EMITTER. 


application  of  a  positive  potential  to  the  outer  metal  film  alters  the 
band  structure  to  that  shown  in  Fig.  2.  If  the  two  films  are  sufficiently 
thin,  electrons  will  tunnel  across  the  dielectric  and  proceed  through 
the  metal  film  without  appreciable  loss  in  energy.  Since  many  of  the 
electrons  will  arrive  at  the  surface  with  sufficient  energy  to  overcome 
the  work  function,  they  will  be  emitted  into  the  vacuum  region  beyond 
and  collected.  An  investigation  of  this  problem  falls  mainly  into  two 
categories:  the  first  concerns  the  theory  of  electron  tunneling  through 

an  insulator  in  the  presence  of  an  electric  field  and  the  second  describes 
the  motion  of  the  hot  electrons  through  the  metal  film.  A  discussion 
of  tunneling  is  given  in  the  present  chapter,  and  succeeding  chapters 
analyze  the  hot-electron  diffusive  motion. 
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FIG.  2.  BAND  STRUCTURE  OF  THE 
COLD-CATHODE  EMITTER  ON 
APPLICATION  OF  A  POSITIVE 
POTENTIAL  TO  THE  METAL  FILM. 

A.  THE  ELECTRIC  TUNNEL  EFFECT 

An  investigation  of  quantum  mechanical  tunneling  of  electrons  through 
th  in  layers  of  insulating  materials  has  been  reported  by  Fisher  and 
Giaever  [Ref.  l] ,  and  explained  using  the  theory  of  Holm  [Ref.  2] .  The 
latter  publication  presents  a  theory  for  the  tunneling  process  which  is 
applicable  to  all  values  of  applied  electric  fields  existing  across  the 
insulating  layer.  Previous  theories  were  directed  only  at  very  weak  or 
very  strong  fields.  The  number  of  electrons  tunneling  across  the  insu¬ 
lator,  and  hence,  its  effective  resistance,  was  found  by  multiplying  the 
approximate  transmission  coefficient  quoted  by  Roj ansky  [Ref.  3]  by  an 
appropriate  energy-distribution  function  and  integrating  over  all  avail¬ 
able  electron  energies.  (The  Theory  of  tunneling  as  presented  by  Kane 
[Ref.  4]  is  not  applicable  here,  as  such  calculations  refer  to  tunneling 
through  forbidden  regions  of  K-space  and  not  real  space. ) 

The  aim  of  the  present  calculation  is  to  derive  the  spectrum  of  the 
hot  electrons  incident  on  the  metal  film.  This  depends  mainly  on  the 
densi ty-of-states  curve  N(E)  for  the  base  metal,  the  applied  electric 
field,  and  the  energy  lost  by  the  electrons  when  traveling  through  the 
conduction  band  of  the  insulator.  As  the  formulas  quoted  by  Holm  are  not 
readily  applicable  to  such  a  calculation,  it  was  decided  to  examine  the 
problems  involved  from  first  principles.  The  probability  that  a  single 
electron  of  definite  kinetic  energy  penetrates  the  potential  barrier  is 
calculated  by  solving  the  SchrVdinger  Equation  for  different  values  of 
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applied  field.  This  expression  is  then  modified  by  N(E)  and  the  energy- 
lost  parameters  for  the  insulator  in  order  to  calculate 

1 .  The  Theory  of  Tunneling 

If  it  is  assumed  that  the  resulting  electric  field  8  in  the 
insulator  is  uniform,  the  shape  of  the  potential  barrier  is  shown  in 
Fig.  3.  When  an  electron  enters  the  insulator  at  x  *  0,  it  has  an 
energy  E  ■  mv^/2  where  is  the  x-component  of  velocity  and  is  ac¬ 

celerated  across  the  film  by  the  applied  potential  U.  However,  an 
alternative  and  more  useful  description  is  obtained  by  assuming  that  the 


o 


a 


o  c  a 


(a)  Weak  and  intermediate 
electric  fields 


(b)  Strong  fields 


FIG.  3.  POTENTIAL  BARRIER  THROUGH  WHICH  AN  ELECTRON  HAVING  KINETIC 
ENERGY  E  PASSES. 

electron  has  energy  E  throughout  the  film,  but  is  moving  in  a  potential 
V  given  by 

V  -  ^  \x  (2.1) 

®  2m 

where  is  a  constant  as  shown,  X.  •  8(2em/^l^)  “  (U/a)  ( 2em/<K^ ) . 

Assuming  that  the  electron  suffers  no  loss  in  energy  in  this  region,  the 
classical  Hamiltonian  is  given  by: 
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X  -  I  my2  +  Vo  -  -g  \x  ( 

Thus,  the  corresponding  Schrodinger  equation  for  a  wave  function  <t 
describing  the  motion  of  an  electron  having  eigenvalue  is: 


(2.2) 


2.  ^  “  2. 


tj  0  »  Eo<) 


(2.3) 


Putting 


f2"'(Vo  -  Eq) 


(2.4) 


Equation  (2.3)  reduces  to: 


a  (a^  ~  \x)<p 


(2.5) 


The  solution  to  (2.5),  given  in  series  by  Forsyth  [Ref.  5]  and  convergent 
for  finite  x  ,  is : 

0  •  a^d  +  Q^B  +  q2dq2b  +  .  .  .  )  +  aj  (x  +  Q^Bx  +  Q^BQ^Bx  .  .  .  ) 

where  and  are  arbitrary  constants;  0  »  (a^  -  ^.x) ;  and  0  de¬ 

notes  the  operation  of  integrating  from  0  to  x  all  terms  succeeding 
it.  Each  term  in  each  series  may  be  obtained  from  its  predecessor  by 
multiplying  by  B  and  then  integrating  twice  in  succession  from  0  to 
X .  Subs t i tu t i ng  fo r  C  gives 


/  2  2 
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B«lor«  eoatUttiaf.  it  aay  b«  •om4  that  If.  (*.«)  i«  •!««■  eallai 
Airy  Efuatioa.  It  ia  diacuaaad  ia  aavtral  taata  viMra  tlia  tana  iavalriag 
a^  ia  eallad  tha  firat  Airy  laaetiea  aad  tlMt  iavalviaf  a|  ia  eallad 
tha  aaeond  Airy  fanetion.  Extaaaiva  aathasatical  tiAlaa  af  tka  faaetiaaa 
exiat  for  wide  rangaa  of  d  (aaa  Sairaar  [Raf.  6].  far  axaapla).  Aa  wa 
are  primarily  eancarned  with  tha  caaa  af  aa  alaetraa  travaliag  aaraaa 
the  film  in  a  poaitira  x>diractioa,  wa  aat 

*0  ^  ■  ®  (2.7) 

Thua,  the  wave  function  for  auch  an  electron  becoaiea: 

representing  sn  exponentially  dssiped  wave  on  which  is  superisiposed  a 
ripple  {  }. 

In  order  to  obtain  an  estimate  of  the  importance  of  the  exponential 
decay  of  ^  compared  to  the  ripple,  corresponding  terms  in  the  series 
expansion  of  e*^  hare  been  compared  with  these  in  the  ripple.  For 
example,  the  coefficient  of  x^  in  e~^  is  (-a^  *0^^'  ^ 
ripple  it  is  (-a^  X/3).  Their  ratio  ia^/k)  is  proportional  to 
( Vq  -  and  is  always  much  greater  than  one  in  the  case  of  weak 

or  intermediate  fields  as  shown  in  Fig.  3a.  Similarly,  ratios  of  other 
terms  are  of  the  same  order,  and  thus  e*^  dominates  As  U  is 

increased,  the  importance  of  the  ripple  increases. 

Consider  the  case  of  a  very  strong  field  as  shown  in  Fig.  3b.  At 
X  ■  c,  Vq  .  dl^/2mAc  ■  (i.e.,  c  ■  a^/k),  admitting  a  solution 

"^(Ix)  "  *0  *  •!*  ^2.9) 

For  c  <  X  <  t.  Eq.  (2.9)  ctill  appliwa,  but  thu  contribution  from  thw 
ripple  now  doninnten  Thin  is  to  bo  oxpoctod  as  tho  electron  can 

exist  in  this  region  on  classical  grounds  and  the  problea  is  similar  to 
that  of  a  free  particle  having  a  sinusoidal  type  of  wave  function.  In 
this  region,  the  probability  of  an  electron  tunneling  through  the 
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potential  barrier  ia  independent  of  barrier  width  (apart  from  omII 
aecondary  effects  relating  to  the  nonuniform  potential). 

For  small  values  of  U  or  E,  it  nay  be  possible  to  consider 
only  the  first  term  of  each  series  in  the  ripple.  However,  the  available 
values  for  E  are  limited  by  the  physical  properties  of  the  metal  and 
Insulator  (e.g,,  the  energy  gap  of  the  insulator  and  the  separation  in 
energy  between  the  Fermi  level  of  the  metal  and  the  conduction  band  of 
the  insulator).  Neglect  of  each  second  term  in  the  ripple  series  is 
possible  to  within  10  percent  if  Oa^  ~  10*^^  v  m^.  The  relevant  values 
of  U  and  of  a  that  satisfy  these  conditions  are  given  below: 

U  (volts)  10  1  0.1  0.01 

a  (angstroms)  1  3.3  10  33 

In  examples  of  practical  importance  relating  to  the  cold-cathode  emitter, 
it  is  thus  necessary  to  consider  many  terms  in  the  aeries  for  both  very 
weak  or  very  strong  fields. 

One  of  the  objects  of  the  calculation  was  to  determine  whether 
or  not  it  is  possible  to  substitute  a  potential  barrier  having  a  sloping 
top  with  either  another  square  barrier  of  a  different  constant  potential 
less  than  and  width  a,  or  a  square  barrier  of  constant  potential 

equal  to  but  width  greater  than  a.  No  satisfactory  results  have 

so  far  been  obtained  in  either  case,  due  mainly  to  the  complex  nature 
of  the  ripple. 

B.  THE  TRANSMISSION  COEFFICIENT 

Cold-cathode  emitters  are  normally  designed  in  such  a  way  that  they 
correspond  to  the  case  of  strong  fields  as  shown  in  Fig.  3b.  The 
probability  that  an  electron,  initially  found  in  the  base  metal,  tunnels 
through  the  barrier  and  emerges  into  the  conduction  band  of  the  insulator 
at  X  ■  c  is  given  by: 

Ti  .  <^(+x)^x-c 

K+x)  <^(+x)lx-0 

The  reverse  process  of  electrons  tunneling  from  the  conduction  band  back 
into  the  base  metal  may  also  occur;  thus  we  define  a  probability: 
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T2  • 

K-x)  '^(.x)]x-c 

The  total  tranamisaion  coefficient  T  for  electrons  to  leave  the  base 
metal  for  the  insulator  is  thus  (Tj-T2).  However,  T2  may  be  neglected 
since  there  is  only  the  conduction  band  of  the  insulator,  and  thus  Tj 
represents  the  total  transmission  coefficient.  From  (2.9), 

‘^(+x)lx-c  “ 

■  a^d  -  •  c)2 

using  (2.4)  and  (2.7).  Now  *^(+x)^x*0  “  •©  ***‘^  thus 

T  -  (1  -  /^)^  -  J  (2.10) 

This  shows  that  the  transmission  coefficient  depends  entirely  on  (V^  -  E), 
and  the  applied  electric  field  S(«0/a).  While  8  and  are  constant 

for  all  electrons,  T  depends  on  the  energy  of  the  electron  considered 
in  a  very  complicated  way.  In  the  above  analysis,  a  potential  barrier 
with  sharp  edges  has  been  assumed.  This  is  not  strictly  true,  due  to 
the  effect  of  the  image  force  and  the  rounding  off  of  the  edges,  which 
results  have  been  discussed  by  Sommerfeld  and  Bethe  [Ref.  7]. 

For  X  >  c,  the  electrons  move  in  the  conduction  band  of  the 
insulator  until  they  reach  the  plane  x  ■  a.  Suppose  a  diffusion  length 
L  for  these  electrons  is  defined  by  the  equation 

"1  "  "o  **p  (  *  (2.11) 

where  n^^  is  the  number  of  electrons  in  an  energy  range  E  to  (E+dE) 
traveling  in  the  positive  x  direction  at  the  plane  x  ■  a,  and  n^  is 
the  number  in  the  same  energy  range  traveling  in  the  same  direction  at 
X  ■  c.  The  parameter  L  allows  a  certain  fraction  of  the  electrons  to 
be  scattered  from  the  beam  in  a  simple  phenomenological  way.  The 
physical  principles  involved  are  quite  complex-«in  fact,  the  problem  is 
almost  analogous  to  the  one  to  be  analyzed  later  concerning  the  diffusive 
motion  of  electrons  in  metal  films.  However,  as  (a«c)  is  generally 
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conaiderably  saaller  than  b,  tba  tbieknaaa  of  tbo  aiotal  fila,  it  My 
be  anticipated  that  the  error  involved  in  uaing  (2.11)  ia  likely  to  bo 
email . 

C.  HOT-ELECTBWJ  SPECIBUM, 

The  hot-electron  energy  apectrum  incident  on  the  metal  film  ia  then 
of  the  form: 


m(e') 


c  ^  1  r.  •  fTranamiaaion  coefficient 
Spectrum  ^  Tranamiaaion  coefficient  ^  through  conduction  band 
at  x»0  through  potential  barrierj  [q£  in.^Utor 


N(E-.F(E-,  (2. 


J 


12) 


where  all  energies  are  now  measured  with  respect  to  an  origin  at  the 
bottom  of  the  conduction  band  of  the  metal  film,  and  F(E',T)  ia  the 
Fermi  function  at  the  temperature  T,  defined  by: 


F(E\  T) 


kT  / 


+  1 


(2.13) 


The  electrons  enter  the  thin  metal  film  with  an  energy  up  to  elJ 
above  the  Fermi  level.  They  then  proceed  through  the  film  and  arrive  at 
the  surface  where  those  with  a  perpendicular  energy  component  greater 
than  the  electron  affinity  of  the  metal  can  escape.  As  these  electrons 
are  not  in  thermal  equilibrium  with  the  lattice,  the  formal  method  of 
treating  electronic  conduction  in  metals  is  no  longer  applicable  and 
thus  it  is  necessary  to  make  a  detailed  analysis  of  this  motion. 
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A.  INTBODUCriCM 

The  first  results  concerning  hot  electrons  were  obtained  by  Ryder 
and  Shockley  [Ref.  8]  and  Ryder  [Ref.  9]  for  semiconductors,  and  the 
observed  deviations  from  Ohm's  law  were  explained  by  Shockley  [Ref.  10}. 
Recently,  a  detailed  study  of  hot-electron  emission  from  silicon  p*n 
junctions  was  made  by  Moll,  Meyer,  and  Dartelink  [Ref.  11].  On  the 
other  hand,  little  is  known  about  the  properties  of  hot  electrons  in 
metals,  although  tunnel  emission  of  electrons  into  a  thin  metal  film 
has  been  reported  by  Mead  [Ref.  12],  Giaever  [Ref.  13],  and  Nicol, 
Shapiro,  and  Smith  [Ref.  14].  References  13  and  14  largely  concern 
superconductors.  The  first  publication  specifically  dealing  with  hot 
electrons  in  metal  films  was  by  Spratt,  Schwarz,  and  Kane  [Ref.  15],  but 
the  interpretation  of  their  results  has  recently  been  criticized  by  Hall 
[Ref.  16].  Mead  [Ref.  17]  investigated  the  transport  of  hot  electrons 
in  gold  films  using  tunnel  injection  and  vacuum  collection;  and  Spitzer, 
Crowell,  and  Atalla  [Ref.  18]  obtained  values  for  the  mean  free  paths 
in  gold  using  photoheating  and  internal  collection.  At  the  present 
time,  several  other  groups  are  undertaking  experiments  using  various 
techniques  for  production  and  collection,  and  it  is  hoped  that  the 
results  of  such  experiments  will  soon  appear. 

A  theoretical  investigation  into  the  problem  involves  analyzing  all 
the  possible  mechanisms  responsible  for  abstracting  energy  from  the  hot 
electrons.  Generally  speaking,  these  are: 

1.  Electron-electron  collisions  (elastic,  inelastic,  and  plasma 
oscillations) , 

2.  Electron-phonon  collisions  (acoustical,  optical,  and  polar  modes), 

3.  Electron-lattice  imperfections  (point,  line,  and  surface  defects), 
and 

4.  Size  and  surface  effects  of  the  film. 

In  a  typical  metal  film  (gold  or  aluminum,  for  example),  the  most  likely 
mechanisms  involve  electron-accoustical  phonon  col lisions  (optical 
phonon  losses  will  only  be  present  in  metals  having  more  than  one  atom 
per  unit  cell)  and  electron-electron  collisions.  The  effect  of  having  a 
very  thin  film  rather  than  a  large  piece  of  metal,  as  suggested  in  item 
4,  influences  the  energy- loss  mechanisms  indirectly.  It  limits  the  mean 
free  path  for  the  various  interactions  and  modifier,  the  electronic  band 
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structure  end  vibrstioasl  spectrum  in  s  nsnner  described  by  Blett 
[Ref.  19].  The  occupied  states  in  k-spsce  end  the  elloved  vibrstionsl 
modes  in  q-spece  lie  on  infinitely  thin  sheets  (in  the  y*s  plane) 
separated  by  where  N  is  the  number  of  unit  cells  across  the 

film  and  a^  is  the  lattice  parameter.  (The  surface  atoms  of  the  films 
are  not  in  the  same  environment  aa  they  would  be  in  a  block  of  metal  of 
infinite  size,  a:iH  hence  the  sheets  are  slightly  displaced.)  At  low 
temperatures,  therefore,  transitions  involving  changes  in  k,^  and 
are  forbidden.  For  films  of  the  size  considered  here,  this  effect  is 
so  small  that  it  may  be  neglected. 

In  order  that  an  accurate  theoretical  analysis  of  the  problem  may 
be  given,  it  is  necessary  to  examine  several  points  from  an  experimental 
angle: 

1 .  How  does  energy  loss  depend  on  temperature?  (This  indicates  the 
importance  of  mechanism  2,  since  mechanism  1  is  almost  temperature 
independent . ) 

2.  How  does  energy  loss  depend  on  applied  voltage,  and  thus  hot  electron 
energy?  (Electron-electron  interaction  is  altered  since  the  scatter¬ 
ing  function  is  energy  dependent.  In  addition,  the  possibility  of 
plasma  excitation  occurs  at  the  higher  energy  ranges.) 

3.  How  does  the  energy  loss  depend  on  thickness?  (The  type  of  motion 
experienced  by  the  electron  depends  on  the  number  of  collisions 
suffered  by  the  electron, ) 

The  implications  of  these  points  will  now  be  considered, 

B.  THEORY 

An  examination  of  experimental  results  reveals  that  elastic  electron- 
electron  collisions  are  largely  responsible  for  the  slowing  down  of  the 
hot  electrons  in  the  metal  film  since  the  electron  yield  is  almost 
temperature  independent.  This  may  be  verified  also  by  considering  the 
geometry  of  the  film  in  relation  to  the  incoming  hot-electron  beam.  The 
electron-phonon  collision  mean  free  path  will  be  almost  the  same  as  that 
in  the  bulk  material.  Typical  figures  for  the  latter,  obtained  from 
Dekker  [Ref.  20],  show  that  the  mean  free  path  for  metals  is  several 
hundred  angstroms;  for  gold,  the  figure  is  570  A.  The  total  effective 
mean  free  path  for  hot  electrons  is  of  the  form: 

±  n  ±  (3.1) 

\t  Lj  Xi 
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where  are  the  individual  mean  free  paths  for  the  various  possible 

collisions.  Using  the  above  figures,  Eq.  (3«1)  shows  that  little  error 
is  involved  when  electron-electron  collisions  only  are  considered. 

Several  important  factors  must  be  examined.  Whether  the  motion  is 
"ballistic"  or  "diffusive"  is  largely  determined  by  the  following: 

1.  The  incoming  hot-electron  energy  spectrum, 

2.  The  film  thickness, 

3.  The  mean  free  path  between--and  the  energy  loaa  occurring  at--each 

electron-electron  collision,  and 

4.  The  probability  of  escape  at  the  rear  surface. 

Essentially  the  motion  is  ballistic  when  the  energy  of  the  incident 
electrons  is  only  slightly  greater  than  the  effective  work  function; 
when  the  film  is  relatively  thin  compared  to  the  mean  free  path;  and 
when  a  large  fraction  of  energy  is  lost  with  each  collision.  As  soon  as 
the  electron  suffers  a  collision,  it  is  removed  from  the  electron  beam 
and  so  there  is  no  need  to  consider  how  the  electron  random  walks  through 
the  crystal.  The  emitted  electron  current  I  depends  on  the  film 
thickness  b  and  on  the  incoming  electron  current  1^  according  to 
the  equation: 

I  .  e-b/A  (3.2) 

where  A  is  the  diffusion  range. 

Diffusive  motion  occurs  under  the  following  conditions:  1)  when  the 
incoming  hot-electron  energy  is  high;  2)  when  the  film  is  fairly  thick 
so  that  the  electron  suffers  several  collisions  within  the  film;  and 
3)  when  the  electrons  lose  a  relatively  small  fraction  of  their  energy 
at  each  collision.  The  range  for  the  hot  electron,  which  depends  on  the 
initial  electron  energy,  is  approximately  given  by  [Ref.  21]: 


where  AE  is  the  total  energy  loss,  ^  is  the  energy  loss  per  collision 
and  \  is  the  mean  free  path  between  collisions. 

Ballistic  motion  was  discussed  by  Quinn  [Ref.  22],  who  calculated 
the  range  of  hot  electrons  in  metals  by  considering  the  energy  of 
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interaction  of  a  aingla  axcitad  alactron  with  tka  aaa  of  oMdaetioa 
alectrona  by  a  salf^anargy  approach.  Hot  alaotrona  ara  aaauMd  inoi4bat 
on  the  metal  film  and  are  aeattarad  by  alaotron*alactrom  colliaiom.  For 
low-energy  hot  electrons  (i,e.,  those  electrons  whose  energy  E  is  leas 
than  about  20  to  30  percent  bigger  than  the  Fermi  energy  an  ana* 

lytical  expression  for  the  diffusion  range  has  been  obtained.  For  higher 
energies,  one  must  resort  to  numerical  integration  and  also  take  into 
account  the  extra  contribution  from  plasmon  creation  when  oi  is  greater 
than  cUp.  However,  the  treatment  is  strictly  valid  for  r^  (the  radius 
of  a  sphere  equal  in  volume  to  the  volume  per  electron,  iseasured  in 
units  of  the  Bohr  radius)  small  compared  to  unity,  whereas  the  results 
are  applied  to  metals  in  which  r^  is  always  greater  than  2.  Thus  good 
quantitative  agreement  is  not  expected,  but  it  is  anticipated  that  the 
qualitative  dependence  of  the  mean  free  path  will  be  correct. 

The  diffusion,  energy  loss,  and  multiplication  of  secondary  electrons 
within  metals  was  considered  by  Wolff  [Ref.  23].  His  calculation  assumes 
that  the  excited  electron  interacts  with  the  conduction  electrons  through 
a  screened  Coulomb  potential  and  that  the  resulting  scattering  is 
spherically  symmetrical  in  the  center-of-mass  system  of  coordinates.  The 
theory  for  the  diffusion  and  scattering  of  neutrons,  as  developed  by 
Marshak  [Ref.  24] ,  was  applied  to  calculate  the  energy  distribution  and 
yield  of  the  hot  electrons.  The  effects  of  the  Exclusion  Principle 
were  incorporated  in  the  manner  suggested  by  Goldberger  [Ref.  25],  and 
the  effects  of  the  motion  of  the  conduction  electrons  were  discussed. 

The  calculation  is  strictly  valid  for  electrons  whose  energy  is  greater 
than  2Ep.  For  such  electron  energies,  however,  the  excitation  of  plasma 
oscillations  should  be  considered,  as  they  play  such  an  important  part. 
Nevertheless,  Wolff's  predictions  were  verified  by  experimental  results 
indicating  that  a  combination  of  Goldberger' s  modification  and  the 
assumption  of  spherically  symmetrical  scattering  counteract  in  aosie 
obscure  way  the  effects  of  plasmon  creation.  Hall  [Ref.  16]  showed  how 
Wolff's  calculation  could  be  extended  to  cover  the  complete  range  of  hot 
electrons  from  Ep  by  suitably  modifying  the  effective  scattering  cross 
section.  It  is  important  to  note  that  although  Wolff's  discussion  con¬ 
cerns  essentially  diffusive  motion  and  thus  1(E)  *  X.,  the  Goldberger- 
Hall  modification  is  essentially  ballistic,  in  which  case  1(E)  ■  A* 

An  interesting  connection  between  the  results  of  ()uinn  and  Hall  has 
been  found  by  Sse  [Ref.  26] .  A  graph  of  A  for  hot  electrons  in  gold 
films  as  a  function  of  their  incident  energy  was  plotted  from  the  figures 
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of  Quinn  and  Hall  and  it  vaa  found  that  the  two  eurvaa  eonaaet  OMOthly 
and  agree  reasonably  with  experimental  points.  Similar  eurraa  for 
aluminum  films  do  not  appear  to  have  this  property,  though  tl^y  have  a 
similar  form.  All  that  can  be  said  is  that  both  theories  require 
knowledge  of  the  values  of  several  parameters  and  that  the  figures  chosen 
may  be  questionable. 

An  analysis  of  the  diffusive  motion  of  hot  electrons  in  thin  metal 
films  has  been  made  here  and  will  be  discussed  in  detail  in  the  following 
chapters. 
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IV.  DIFFUSIVE  MOTION  OF  HOT  ELECIWDWS  IN  METAL  FILMS 


The  diffusive  motion  of  hot  electrons  within  a  metsl  was  considered 
first  by  Wolff  [Ref.  23].  Irrespective  of  the  method  of  production,  the 
electrons  will  travel  through  the  metal  until  they  suffer  a  collision 
with  another  electron  in  the  conduction  band.  At  such  a  collision,  the 
incident  electron  loses  some  of  its  energy  which  is  imparted  to  the  con¬ 
duction  electron.  The  scattering  angle  is  determined  by  the  dynamics 
of  the  system  and  will  be  discussed  in  some  detail  below.  In  the  sub¬ 
sequent  diffusive  motion,  therefore,  the  electron  will  be  considered  as 
diffusing  through  the  solid  and  suffering  surface  reflections,  multi¬ 
plying  and  losing  energy  in  the  process,  until  it  either  drops  back  into 
the  sea  of  conduction  electrons  or  escapes  from  the  rear  surface  of  the 
film.  As  this  description  of  the  hot-electron  motion  will  be  used  in 
the  present  work,  the  Boltzmann  equation  as  quoted  by  Wolff  may  be  used, 
namely: 


(r,n,E,t)  +  X  *  grad  N(£,n,E,t) 
dt  ^ 


-vN(x,fl,  E,  t) 
ME) 


+  s(£,n, E, t ) 


00 


0 


dE'  / 


dfi'v'N(r  ,  O'.E'.t) 
ME*) 


F(n,E:n'.E') 


(4.1) 


where: 

N(£,n,E,t)  *  number  of  electrons  between  the  space  coordinates  £ 
and  (x  ■**  »  traveling  between  the  directions  0 

and  having  energies  in  the  range  E  to 

(E  +  dE)  at  time  t, 

X(E)  ■  mean  free  path  for  an  electron,  in  the  direction  of 
motion,  having  an  energy  E, 

X  ■  electron  velocity, 

F{n,E;n',E')  ■  probability  that,  given  an  electron  at  (Q^E')  one 
will  be  found  at  (OiE)  after  scattering.  This  term 
is  normalized  so  that  those  electrons  knocked  up  from 
the  conduction  band,  as  well  as  those  knocked  down  in 
energy  from  E'  to  E,  are  included.  Thus 

E' 

/  dE  J  dnF(fi,E:n'.E')  -  2 
0 

S(£,0^E,t)  ■  number  of  electrons  created  per  second  within  the 
energy  range  E  to  (E+dE)  and  moving  in  a 
direction  between  Q  and  (O  +  dH)* 
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Equation  (4.1)  asaumea  that  no  inolaatic  acattaring  proceaaea  ara  praaant 
and  that  no  chemical  bonding  occura,  indicating  that  the  conduction 
electrons  are  treated  aa  if  they  are  free.  In  addition,  it  will  be 
aaaumed  that  the  maximutn  energy  of  the  hot  electrona  praaant  ia  laaa 
than  that  required  to  excite  plasmon  oacillationa •  E^fore  attempting  to 
solve  (4.1),  it  is  very  important  to  give  a  detailed  discussion  of  the 
scattering  function  Ejfi' , E* ) , 

A.  THE  SCATTERING  FUNCTICW 

Wolff  [Ref.  23]  assumed  that  the  scattering  was  spherically  sym* 
metrical  in  the  center-of-mass  system  of  coordinates,  thus  inferring 
that,  on  the  average,  the  electron  loses  about  half  its  energy  at  each 
collision.  The  scattering  function  may  then  be  expanded  in  the  form: 


F(0,E;0',E')  -  F(cos  e;E,E')  -  i  ^  (2^  + 1 )  F^(E,E' )  P4(cos  (9)  (4.2) 


where  6  is  the  angle  between  £1  and  H' .  In  his  subsequent  calcula¬ 
tion,  it  was  further  assumed  that  only  the  first  two  terms  Fo(E,E') 
and  F^(E,£')  need  be  considered  and  that  the  effects  of  the  Exclusion 
Principle  could  be  described  in  the  manner  suggested  by  Goldberger 
[Ref.  25]. 

Landau  and  Lifshitz  (Ref.  27,  p.  423]  wrote  an  expression  for  the 
differential  scattering  cross  section  for  two  electrons  having  spins  of 
one-half  which  interact  by  Coulomb’s  law.  As  the  colliding  electrons 
need  not  be  in  definite  spin  states,  the  result  is  averaged  over  all 
possible  spin  states  assuming  that  they  are  all  equally  probable.  The 
formula  quoted  assumes  that  the  conduction  electrons  are  at  rest;  even 
so,  it  is  very  complicated. 

As  previously  stated,  a  self-energy  approach  to  electron-electron 
interactions  was  considered  by  Quinn  [Ref.  22].  The  effect  of  the 
Exclusion  Principle  and  motion  of  the  conduction  electrons  is  taken  into 
account  and  thus  an  accurate  description  o f  the  scattering  function 
may  be  obtained  as  follows. 

Now,  2|Ej(p)|  is  the  total  transition  rate  for  real  scattering 
events  and  is  given  by: 


2lEi(p)! 


Im 


I 


d^k 


k2€[k.E(i>)  .E(£ 


-  k)  +  iS]  ^ 


(4.3) 
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whure  6(k,<o)  it  the  Lindhtrd  [Ref.  28]  dielectric  constent.  The 
above  equation  ia  applicable  to  an  electron  of  momentwa  ji  colliding 
with  a  conduction  electron  iaparting  a  momentun  ^  to  the  conduction 
electron  in  the  proceas.  Out, 

J  F(coe  ^:E,E')  dEd  6  ■  2Ei(fi) 


where 


p  ■  v^2mE,  p'  ■  v^2mE' ,  ^ ^  ■  cos  6 

PP 


and 


d^k  *  d^(£.  -  £' )  ■  -2Trp'  sin  6  p'd^  dp' 


For  the  energy  range  considered,  €2  [(£-£'),AE]  is  given  by  Quinn 
[Ref.  22,  Eq.  (3)].  Substituting  (£“!>')  for  k  gives: 


F(cos  0;E.E') 


37re^(a)pa;/v^)  p*^  sin  B 

Ija  -  I  [Ie  -  £*  +h2] 


(4.4) 


Equation  (4.4)  has  been  expanded  in  terms  of  spherical  harmonics  in 
order  to  see  the  dominant  symmetry  functions  contained  by  F,  but  the 
calculation  revealed  only  a  slowly  converging  series.  However,  as  the 
above  derivation  is  only  strictly  valid  for  energies  leas  than  20  to 
30  percent  larger  than  the  Fermi  energy,  it  will  not  be  very  accurate 
for  the  present  problem.  For  larger  values  of  p.,  an  accurate  analytical 
expression  for  £j(p)  cannot  be  obtained.  In  this  case,  the  percentage 
momentum  transferred  will  be  decreased  and  thus  the  scattering  angle 
will  be  smaller.  This  is  equivalent  to  reinforcing  the  lower  order  terms 
in  the  expansion  of  F(E,E';  cos  6),  thus  making  the  scattering  tend 
toward  the  isotropic  scattering  envisaged  by  Wolff. 

The  reten-tion  of  only  a  few  terms  is  reasonable  on  physical  grounds 
since  a  high-order  spherical  harmonic  has  a  very  complicated  form.  If 
they  occur,  they  will  be  smeared  out  partly  by  the  random  motion  of  the 
conduction  electrons  and  also  through  succeeding  collisions.  High  values 
for  the  reflection  coefficients  Rj  and  Rp  slso  reinforce  \pQ  and, 
to  a  lesser  extent,  in  any  partial  wave  expansion  of  the  density 

function  and  thus  reduce  the  significance  of  higher  order  terms  in 
F(cos  6;E,E'). 
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It  U  felt  that  the  inclusion  of  the  Exclusion  Principle  end  electron 
multiplication,  and  the  relative  simplicity  of  the  resulting  equstions 
when  spherically  symmetrical  scattering  in  the  center-of-maas  coordinate 
system  is  assumed,  give  a  reasonably  accurate  description  of  the  dif- 
fusion  motion  of  hot  electrons  in  metal  films. 

D.  TIIE  DIFFUSION  E(^ATIONS 

When  hot  electrons  are  injected  on  to  or  produced  in  a  direction 
normal  to  the  film  surfacei  the  diffusion  problem  is  one- dimensional 
and  has  azimuthal  symmetry.  If  x  is  the  distance  from  the  surface 
and  is  the  angle  that  the  velocity  of  the  electron  makes  with  the 
normal^  we  can  write: 

N(r,n,E,t)  -  N(x,  cos  ^(2«  +  l)  N,e(x,E)  ^ 

47r  ^ 

and  \  (4. 5) 

S(r,n,E,t)  «  S(x,  cos6',y,E)-^  ^  (2'£+l)  S^(x,E)  P^(cos 

477  ^ 

(In  the  present  problem,  only  Sq(x,E)  occurs  in  the  summation. ) 

Now,  is  defined  by: 


H 


\(E) 


(4.  6) 


From  the  previous  section,  only  the  first  two  terms  for  ^  ■  0  and 
•  1  are  required,  and  thus  (4.1)  splits  into  a  pair  of  simultaneous 
integrodi f ferential  equations  in  the  steady  state--the  approxi- 

mation  of  Weymouth  [Ref.  29].  These  are 


ME)  ^  +  .^Q  -  2  ;  V^(X.E')  Fo(E.E')  dE'  +So(x,E) 

dx  0 


and 


(4.7) 


-2  /  V-ltx.E')  Fi(E.E')  dE' 
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Th«  electron  currents  in  the  positive  end  negetive  x  directiens» 
for  electrons  hsving  sn  energy  E,  ere: 


0 

i^^(E)  •  J  ev  N(x, 
±1 


cos  d|^tE)  cos  d|^d(cos 


■  ±V'l(x,E^ 


(4.8) 


where  e  is  the  electronic  charge  and  may  be  obtained  from  solving 
(4.7)  with  the  approximate  boundary  conditions. 

One  method  of  solution  follows  that  originally  given  by  Marshak 
[Ref.  24]  for  neutrons^  if  it  may  be  assumed  that  ^Q(xtE)  does  not 
vary  appreciably  with  energy.^  Then  we  can  write t 


V^0(x,E')  ■  'v/)q(x,E) 


(E'  -E) 


3E 


and 


(4.9) 


V^l(x,E')  ■  0j(x,E) 


where  we  assume  that  is  an  order  smaller  than  v//q.  This  simplifi¬ 
cation  is  only  valid  providing  that  and  thus  F,  is  almost  isotropic 

that  the  electrons  suffer  a  reasonable  number  of  collisions  within  the 
film;  and  that  the  film  is  of  reasonable  thickness.  Assuming  that  the 
criterion  of  "reasonable"  is  appropriate  in  our  case--this  will  be  dis¬ 
cussed  again  later--we  can  make  the  substitutions! 


/  dE'  Fi(E.E')  •  <cos  (9  > 

0 


and 


\  (4.10) 


/ 


0 


dE'  (E'  -E)  Fo(E,E') 


average  energy  lost  \ 
per  electron  colliaion  j 
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For  tho  pftrticloa  of  Ofuol  iiooo 


^  coo  6  ^  •  -I 

However  I  with  tho  preeent  problem,  F|^(E,E*)  ie  likely  eleo  to  include 
enell  contributions  from  higher  order  terms  F^(E,E^)  end  thus  the 
eccurecy  of  this  value  is  likely  to  be  in  doubt. 

Substituting  (4.9)  and  (4.10)  in  (4.7),  we  obtsin: 

^0  ^  ^  •  2^  •  ^  +  So(x.E) 

(4. 12) 


X  ^ 
3 


2^1  <  CO*  ^ 


From  the  second  of  the  two  E(]S>  (4.12)i  we  hsve 


.  X - 1 - - 

3  (  1-  2<cos 


dbc 


(4.13) 


Letting 


X  • 


(4.14) 


3(1-2  <C08  e 

Substituting  (4.13)  in  the  first  of  Eqs.  (4.12)  gives: 


^2 


■^0  “  21  *  So(x,E) 


(4.15) 


Th.  E,..  I*  W)  ••E  (‘.15)  .ill  b.  ..l..d  for  «.  .p..i.l 

Fir.t.  th.  pt.bl~  .£  f...r.ti««  pb.t..l.»tr...  .Itht.  th.  th- 
t  .h.  ....I  lil.  .ill  b.  t.».id...d  i.  th.  £.ll..i.«  ch.pt.., 
.nd  .....d,  th.  -ti..  .£  h.t  .Let....  il«.ct.d  tet,  th.  £tl.  b, 
cathode  device  will  be  discussed  in  later  chapters. 
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V. 


^ '  .M  • 


iiHD  jfmmi  tilt  wm 


Suppose  MBochroMtic  of  froqueoey  y  foUe  o«  e  very  leffo 

but  tbin  MOtel  £il»  of  tbiekttese  b.  At  e  poiot  x  oitkii  tke  film,  o 
photon  of  energy  hv  will  knock  an  electron,  that  in  initinlly  in  the 
conduction  bend  of  the  metel  et  energy  E^,  into  e  etete  of  energy 
(Eq  +hy).  Normally,  y  will  be  sufficiently  large  that  the  energy  level 
(Eo+hy)  is  above  the  Fermi  level  Ep,  and  thus  the  electron  is  "hot.* 
The  electron  then  moves  in  an  arbitrary  direction,  until  its  motion  is 
interrupted  by  scattering  processes  characterised  by  a  mean  free  path  A 
in  the  direction  of  motion.  Thus,  at  any  point  x*  in  the  metal,  elec* 
trons  will  be  moving  in  both  the  positive  and  negative  x  directions 
giving  rise  to  measurable  electron  currents  i^  and  iy  emitted  from 
the  rear  and  front  surfaces  of  the  film,  respectively  (see  Fig.  4). 


In  order  to  calculate  i^  and  if,  it  will  be  assumed  that  no 
electrons  are  generated  on  the  surface  of  the  film  and  that  the  escape 
probability  for  an  electron  approaching  the  metal  surface  is  unity. 


A.  SIMPLE  TIIBORY 

If  is  the  absorption  coefficient  of  the  light,  and  is  the 

absorption  cciefficient  of  the  electron  along  the  x*axis,  then  the  numbei 
of  electrons  generated  within  a  portion  8x  of  the  film  at  the  point 
X  is  exp(*a|x)  8x.  The  number  of  these  electrons  reaching  the 
rear  surface  of  film  is: 
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.‘“I*  S.) 

while  the  number  reeching  the  front  aurfece  it: 
"f  "(Nq 


/  »»r 

0 


if  ■  /  Hf  dx 

0 


and  therefore, 


In  . 

if  "  (a^  -  a^) 


-a*b  -aib 
5  ^  ■  e  ^ 

.(a^+ai)b 


(5.  1) 


This  expression  has  been  used  by  Hall  [Ref.  16]  and  Spitzer»  Crowell, 
and  Atalla  [Ref.  18]  to  estimate  limits  to  the  mean  free  paths  of  photo- 
excited  electrons  in  gold  and  aluminum.  In  order  to  determine  how 
is  related  to  the  mean  free  path,  a  more  detailed  analysis  is  required. 
The  following  sections  contain  details  of  the  calculation  connecting 
and  k,  if  it  may  be  assumed  that  the  electron  motion  is  diffusive. 

D.  THE  DIFFUSION  EQUATION 

Consider  the  density-of-states  curve  N(E)  vs  £  for  the  metal  at 
a  temperature  of  absolute  zero.  The  photoelectric  effect  promotes 
electrons  from  the  conduction  band  to  the  empty  states  within  the  energy 
range  Ep  to  (Ep  +  hv)  from  the  range  Ep  to  (Ep  -  hv)  as  shown  in 
Fig.  5.  (For  light  of  wavelength  ^  6000  A,  the  maximum  energy  that  an 
electron  can  have  is  2,04  ev  above  Ep.  Such  an  energy  could  also  have 
been  obtained  by  raising  the  temperature  by  'v  2000°K.  This  gives  some 
meaning  to  the  term  "hot*  electrons.) 
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FIG.  5.  DENSITY  OF  STATES  CURVE. 
Light  •xcittB  sl^ctrons  fro«  rtgien  A 
to  region  B. 


Let  us  suppose  that  sn  equal  number  of  electrons  are  generated  in 
all  directions  at  the  point  x  by  this  process.  Then: 

S(r,n,E.t)  -  N(E)  F(E.T)  [l  -  F(E +hv.T)]  (5.2) 

where  the  Fermi  diatribution  function  is 


F(E',T) 


From  (4.5)  and  (5.2),  we  can  write 


(5.3) 


S^(x,E)  -  N(E)n  e‘“^*  (5.4) 

where  J~1  takes  into  account  the  Fermi  distribution  function  (5.3)»  such 
that 


n 


for  E  Ep  and  for  E  >  (Ep  +hv') 


and 


-  1  for  Ep  <  E  <  (Ep  +  hv) 


(5.5) 


(The  limits  for  the  integration  take  into  account  all  raluas  for  E' 
before  the  effects  of  the  Exclusion  Principle  are  incorporated.) 

Thua,  by  solving  the  Eqs.  (4.12),  it  is  possible  to  calculate 
i^(E)  as  a  function  of  x  and  E.  Two  different  methods  for  doing 
this  follow. 
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c.  aoLunoN  by  laplace  and  mellin  niANSpciiiAnaNS 


In  order  to  eolre  (4.7)»  wo  follow  the  procedure  adopted  in  lolff 
[Ref.  23]  by  Mellin-tranaforaing  both  equations  with  respeet  to  B  and 
then  Laplace-transforninf  with  respect  to  x.  We  also  stake  the  followinf 
assunptions: 

F^(E,E)  is  defined  as 

F^(E.E)  -  (5.6) 


2.  The  mean  free  path  X.(E)  is  independent  of  energy  and  will  be 
called 

3.  The  motion  of  the  conduction  electrons  is  small  and  merely  smears 
out  the  scattered  electron  beam,  and 

4.  The  functions  V'O  both  nonsero  within  the  energy  range 

Ep  to  (Ep't'hv)  only.  This  occurs  in  the  source  term  due  to  the 
presence  of  and  in  the  scattering  term  because  of  the  Exclusion 

Principle,  The  effect  of  the  latter  was  discussed  by  Wolff  follow¬ 
ing  the  work  of  Goldberger  [Ref.  25].  Figure  2  of  Wolff  shows  that 
Fq(E,E')  is  xero  for  E  <  Ep  and  for  E  >  E\  but  has  a  constant 
value  in  between.  The  number  of  electrons  having  an  energy  greater 
than  (Ep+hv)  is  small  because  they  must  have  suffered  several 
collisions  with  other  electrons  having  energies  (Ep-^hv)  moving 

in  the  correct  direction.  Thus,  the  maximum  E'  available  is 
normally  (Ep-f-hv). 


Let 


and 


Also, 


V'o(y.«)  •  /  dx  f  dE  E*  ^o(x.E) 


ipQ(M)  •  /  dE  E*  V^(x-O.E) 


(5.7) 


,  ,  /  dE  E»  N(E) 

S(y..)  -/  dx  e*y*  ;  dE  E'  N(E)  -  2-^ 


(y+aj)  (y+aj) 


(5.8) 


> 
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Then  epplie.tion  of  the  trnnefoniitiont  to  (4.12)  flo..: 
U^+l)  V'l(y,e)  •  XXi(«)  +  S(y,») 


and 

xh 


Equations  (5.9)  solved  simultaneously  give: 


(5.9) 


V'o^y.e) 


and 


"/'i(y,8) 


^■^1  +  s, 

y>^ 

lA-.l/?) 

(8+3/2)  i 

•  2q, 

fiJuJMs- 1/21 

L  (s  +1)(8  +3/2) 

-ixV] 

k  ■  <  JC 

D 

is  .-  U 

(s  +1)’ 

K'3^1  +  S 

3 

rij^- 1)(8  - 1/2) 

■  i 

L  (s  +l)(s  +3/2) 

.£i 

D 


(5.10) 


Inverting  the  Laplace  transform  gives: 


and  thus  involves .calculating  the  residues  of  Dq,  Dj,  and  D.  (The 
calculation  closely  follows  that  of  Weymouth  [Ref.  29],) 

Residue  in  Dq  occurs  when  S-*«;  i.e.,  when  y  •  -aj  [see  (5.8)]. 
Thus,  the  contribution  to  is: 


(a +  1/2) 


(5.11) 
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Reaidua  in  D  oeeurn  «h«n  y  •  ifi,  «k*r« 


and  gives  a  contribution  to  •v!'o(x,t)  of: 


(S.12) 


and  to  '^^(x.s)  of: 


1  e*/®*  (5.U) 

Residue  in  Dj  again  occurs  when  S-*;  i.e. 
gives  a  contribution  to  '\('j(xis)  of. 

,  when  y  ■  -“i.  end 

-  i  ai  \  I  e'“^* 

3  TT- 

(5.15) 

r(a.l)(..l/2l  .  1  ;,2a2 

L  (s  +  l)(a +3/2)  3  U 

From  (5.11)  and  (5.13)  we  get: 


i//0(x,s) 

.  xl 

2yl 

zei..-  e“^^* 

-  (/32  -  a2) 

(aj  +/3)  )*^ 

+  (  >^"^1  +7'^0  ^ 

and  from 

(5.14)  and  (5,15)  we 

get; 

V'j^lx.a) 

1 

r  2ail  ^-aix 

-  1  kT^i  -  y  T^n 

+  _— i - \e^ 

m 

2k 

L  (/S^  -  ttj) 

(ttj  +/S)  } 

+  {  A.  +  r  2^0 

+-  ,-J - ^  e*^l 

(01./3)/  J 

(5.16) 


(5.17) 
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One  bottndary  condition  is  tkst  tbo  not  oloctron  cnrront  ontoril^:  tko 
filn  St  X  ■  0  is  soro»  i.o.« 

[i^(E)],(.0  >  0 

Therefore ,  Iron  (4.8), 


[iV«o(*.E)  +V'i(x.E)]  ^.0  -  0  (5.19) 

Taking  the  Mellin  and  Laplace  tranafonaa  of  (S.19)  and  patting  x  -  0 
given 

i  +  'Vi(a)  -  0  (5.20) 

m 

But 

%(o,m)  ■  (5.21) 

1  1 

Subatituting  (5.20)  and  (5.21)  in  (5.16)  and  (5.17)  when  x  -  0,  given 

_ d _ 

1  (\+2y)(/3  +  oi) 

and 


(5.22) 


(5.23) 
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It  will  b«  aotifi«d  that  tka  eoaffieiaat  of  a^  ia  taro.  Ikia  it 

conaiatant  with  tka  idaa  that  V'O"*®  ••  *"*•  ood  occara  kaeaoaa  oa 

1 

have  aaauned  that  thara  ia  no  raflaction  of  light  or  olaetrona  froo  tka 
film  boundary  at  x  ■  b,  that  ia,  the  equationa  ara  idaally  valid  for  a 
aemi'infinite  alab  of  material. 

The  current  flow  in  the  poaitive  x  direction  at  the  point  x  ia: 


Ep+hi/ 

i(+x)  -  f  i+x(x,E)  dE 

Ep 


"  ^[2  ^  8-0  (5.24) 

When  s  -  0,  then  /S  -  lA  [from  (5.12)]  and  >  -  -X.  [from  (5.18)] 
giving: 

i(+x)  .  .,-«lM  (5.25) 

2n  L(1  -  \2a2)J  V  ' 


Therefore, 


ir  .  1  .  fe-bA  )  (5.26) 

if  2  (1  .  ;,2a2)  V  / 

Thia  laat  equation  haa  a  form  similar  to  that  of  Eq.  (5.1)  obtained  by 
the  simple  theory. 

However,  it  would  aeem  difficult  to  uae  the  above  method  of  finding 
ij./i£  if  we  aaaume  that  X  ia  a  function  of  E;  and  a  more  accurate 
expreaaion  for  the  acatterinq  function  ia  uaed  inatead  of  the  expreaaion 
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given  in  (5.6).  Also,  na  nagreasina  for  the  olootroa  flow  m  a  • 

function  of  B,  [i^(B)3>  aould  only  bo  obtaiaoA  by  gorloniii^  tka  ia- 
verse  Mellin  trensfora  on  (S.23)|  sad  so  far  it  has  beaa  foaad  iagMsaibla 
to  do  this.  In  vie*  of  these  difficulties,  another  aetbod  for  solviag 
(4.7)  hes  been  investigated,  fol loving  the  procedure  used  by  Marshak 
[Ref.  24]. 


D.  S0LUTI(»1  BY  SERIES 

Using  (5.4)  and  the  substitution 

<^0  "  V»o.  (5.27) 

the  diffusion  Eq.  (4.15)  becomes 

^  .  .N(E)  .-“1-  .-E/«  (5.2«) 

3x2  X  BE 

where  the  solution  is  understood  to  be  valid  in  the  range  defined  by  eTle . 
The  general  solution  of  the  complementary  function  of  (5.28)  is: 

<^0  -  E  Ae*’’'  e(X/20h2E  (5.29) 

A,h 

a 

and  the  corresponding  particular  integral  is: 


.  .  n'(E)  .-I"  .-t/H 
"  (X  .2  .  1) 

where 

N'(Ei  »rN(E)  + - 

L  (X  a2  +  1)  «  J 

Now  ^  ■  <^Q  +  end  thus,  using  (5.27),  we  get: 

.fc,  •  r  *  .'>•  .<*  .  W(E> 

M.  (X.fn) 


(5.30) 


(5.31) 


(5.32) 
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But  n  han  tba  baaaaaty  eaaditiaa  (iaaa  by  (S.  1»)  {ay  a  a  0.  Uaiai 
(4.13)  t.  dariya  Cfy«.  (5.32)]  aad  tbia  baimdayy  ...ditia.,  .a  |.t. 


E 


A 


(X  af  +1) 


- 1_ _ 


(S.33) 


But  is  independent  of  E  end  therefore,  fro*  (4.  11)  end  (4.14), 


y  h2  -  .  i  -  Ja. 
L  X  ;,2 


(5.34) 


Also,  ss  x-*«,  </’o~*0,  and  therefore  all  h  must  be  negative. 
1 

Substituting  (5.33)  and  (5.34)  in  (5.32)  and  (4.13)  gives: 


'/'o 


N'  (  i  -  Xaj  ) 

(1-A2a2) 


e’jE 

h _ 

LE(^“) 


-  e 


-aix 


and 


\  (5.35) 


(l-\2a2) 


X.^h  e’’^^ 
[2  (l  +  Xh)  e 


+  ai  \  e 


-aix 


whe 


h?X 

2C 


From  (4.8) 


i+x(E) 


277 


1 

E 

h 

(laM. 

J  e***  e’jE 

(1  -  x2a2) 

E( 

;i4.b) 

e^ 

-  e 


“ix 


(5.36) 


SEL-62-142 


.  30  - 


Couider  only  on*  ftm  ia  tka  aw;  tkaa  frea  (S.S4)  k  •  -lA} 
therefore • 


i+x 


.  (1  -\2a2)  _ 


(S.S7) 


which  haw  exactly  the  aame  form  aa  (5.2S)  derived  in  Sec*  C|  when  we 
integrate  (S.37)  over  E,  since  the  only  energy* dependent  term  ia 
Similarly: 


1l 

if 


1  (  2  '  r  -b/x  . 

2  (I.x2a2)  L  J 


which  has  the  same  form  as  (5.26). 

The  question  which  then  arises  is  what  we  should  do  with  all  the 
other  solutions  contained  in  (5.36).  Under  the  assumptions  made,  how* 
ever,  it  may  be  argued  that  there  should  be  no  more  solutions  on  physical 
grounds,  as  we  have  considered  values  for  xffQ  and  only  between  the 

limits  £p  and  (Ep+hv).  Within  this  energy  range,  both  the  source 
function  S(x,E)  and  the  scattering  function--this  also  implies  t 
and  X--have  been  taken  to  be  independent  of  E  and  so  (5.28)  contains 
no  energy*dependent  term  other  than  ^q/%  which  must  thus  be  sero. 

The  diffusion  theory  reported  here  could  easily  be  adapted  to  in¬ 
clude  a  surface  generation  of  electrons  by  replacing  the  sero  occurring 
in  Eq.  (5.19)  by  a  constant.  In  addition,  a  more  refined  calculation 
must  incorporate  the  probability  P(E)  of  an  electron  of  energy  E 
escaping  from  a  surface  having  a  work  function  0,  where: 

P(E)  -  [l  (5.38) 


according  to  Wolff. 

E.  DISCUSSION 

The  relationship  derived  above  uses  an  isotropic  scattering  function 
and  assumes  ^cos  *  2/3*  As  it  is  impossible  to  calculate  the 

error  involved  in  doing  so,  little  can  be  said  about  the  exactness  of 
the  result  obtained.  However,  it  is  very  interesting  to  find  that 
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6xtetly  the  sMt  result  is  obtained  by  two  Methods  which  apparently 
contain  unrelated  assunptions.  Comparison  of  theory  with  experinent  will 
not  be  made  until  a  more  refined  calculation^  which  includes  boundary 
reflections,  has  been  made. 

One  or  two  points  concerning  the  physical  principles  inrolTed  in  the 
generation  of  photoelectrons  are  pertinent  here.  An  elementary  analysis 
of  the  dynamics  involved  in  the  excitation  of  an  electron  by  a  photon 
reveals  that  the  electron  excited  must  initially  be  bound  to  an  atom  in 
the  solid  in  order  that  both  energy  and  momentum  may  be  conserved.  As 
the  photon  momentum  (hv/c)  is  very  small,  the  momentum  vector  k  of 
the  excited  electron  is  unchanged.  Thus  the  conduction  electrons,  having 
been  given  energy  by  a  collision  with  a  photon,  do  not  change  their 
direction  of  motion.  As  there  is  no  electric  field  present,  the  con¬ 
duction  electrons  will  be  moving  in  every  direction  at  random  and  thus 
the  source  function  will  contain  Sq(x,E)  terms  only.  However,  the 
error  involved  in  this  assumption  is  likely  to  depend  on  the  metal  used. 
An  accurate  description  may  be  obtained  from  using  the  tight  binding 
approximation  (see  Slater  and  Koster  [Ref.  30] )  when  the  conduction 
electrons  are  described  by  wave  functions  of  the  form: 


where  'i  m  ®  hydrogen- like  wave  function.  When  such  electrons 

are  promoted,  the  source  function  will  depend  on  the  symmetry  properties 
of  <p^  ^  ex“'"Ple>  whether  it  consists  of  basic  s-type  or  p-type 

atomic  orbitals.  The  photoelectron  yield  is  thus  expected  to  depend  in 
some  involved  way  on  the  local  character  of  the  conduction  electrons  of 
the  metal  film.  Information  on  this  could  probably  be  obtained  by 
shining  polarized  light  onto  the  metal  film  at  different  angles  to  the 
surface,  and  measuring  the  yield  across  the  film  as  a  function  of  the 
angle  of  incidence. 
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It  will  be  eesimed  thet  hot  electrons  ere  injected  into  e  tliin  ttetil 
film  and  undergo  scattering,  diffusion,  and  reflection  before  they  are 
emitted  from  the  rear  surface  of  the  film.  Solutions  of  the  second- 
order  partial-differential  Eq.  (4. IS)  will  be  obtained  using  C  and  X 
as  parameters  which  depend  on  energy.  The  reflection  coefficients  are 
functions  of  energy,  but  an  average  value  will  be  taken  in  order  that  a 
solution  can  be  obtained.  An  expression  for  the  electron  current  at  a 
point  X  within  the  film  having  an  energy  between  E  and  (E+dE)  will 
be  calculated  when  such  an  approximation  is  valid.  The  yield  depends  on 
the  incoming  hot- electron  spectrum  /i(E*),  pertinent  energies,  and  film 
thickness.  The  relationship  existing  between  the  diffusion  range  A 
and  mean  free  path  X  will  also  be  discussed. 

A.  SOLUTION  TO  THE  DIFFUSION  EQUATION 

Consider  monoenergetic  hot  electrons  injected  into  the  metal  film 
with  energy  E'  at  x  -  0.  Their  subsequent  diffusive  motion  may  be 
described  by  the  equation  [sec  (4.15)]: 


^^0 

Bx2 


+ 


Putting 


% 


^  Sami) 
<h  e 


(6.1) 


(6.2) 


gives 


.  2i  ^  (6.3) 

3x2  X  3E 


Now  i^(x,E)  msy  be  written  es  E(E)  X(x).  which  case  (6.3) 
becomes 


X.l^E 
X  ’‘E 


(6.4) 
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where  li,i  ie  the  eeparetioe  coaeteat  aad  May  ha  yaaitiea  ar  aaj^tiva 
dependiag  oa  whether  h^  is  real  or  ioagiaary.  Aa  the  other  yarta  to 
the  equetioa  ere  neceaaarily  real,  h„  eaimot  be  coi^laK. 

Solutions  of  (6.4)  are: 

X  .(c;  d;  ) 

and 


giving 


h 


*■>» 


from  (6.2),  where 


8 


n 


dE 


(6.5) 


(6.6) 


On  entering  the  film,  the  electrons  will  move  at  random  but  in  such 
a  manner  that  their  directions  at  any  instaAt  of  time  are  determined  by 
the  various  scatterings  suffered  with  electrons  in  the  conduction  band 
and  reflections  from  the  two  film  surfaces.  Classically,  an  electron 
will  pass  through  the  potential  barrier  existing  at  the  surface  when 
its  component  of  momentum  perpendicular  to  that  surface  has  an  equivalent 
energy  greater  than  the  work  function.  The  reflection  coefficient  R 
for  a  surface  having  a  work  function  <p  is  given  by: 


(  e)^  ®  ^ 

I  1  for  E  i  9 

where  ell  energies  are  measured  with  respect  to  an  origin  at  the  bottoM 
of  the  conduction  band.  However,  the  expression  (6.7)  when  E  >  P 
should  be  modified,  since  those  electrons  which  may  be  emitted  clsssi* 
cslly  may  be  reflected  quantum  mechanically.  The  latter  occurs  because 
the  amplitude  of  the  oacillating  wave  functiona,  as  derived  from  the 
Schrodinger  equation  in  a  region  of  apace  where  the  energy  E  is  greater 


(6.7) 
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than  the  potantial  function  V,  doponda  on  tho  MOfnitudo  of  (E*V)«»aM 
Eq.  (2.8).  For  a  aharp  diaeontinuity  in  tho  potontial  fuiiotioii«  thoro 
will  be  a  diaeontinuity  in  tho  waro  function  which  ia  oquiTolont  to  a 
partial  reflection  of  the  incident  wave  fiaiction.  Aa  thia  reflection 
factor  depends  on  the  sharpneaa  of  the  energy  diaeontinuity,  it  nuat 
also  depend  on  the  surface  geometry  of  the  film.  Since  little  is  known 
about  this  surface  geometry,  it  cannot  be  accurately  calculated. 

Assuming  that  the  electron  does  not  lose  any  energy  on  reflection, 
the  following  boundary  conditions  are  obeyed: 


and 


i+^(E)  -  Ri 


at  X 


i.^(E)  ■  R2  at  X  •  b  J 


(6.8) 


where  the  suffix  attached  to  R  relates  to  the  value  of  V  at  the 
surface  according  to  (6.7).  Using  (4.8)  and  (4.13),  the  boundary 
conditions  (6.8)  become: 


and 


^0 

3x 


at  X  ■  0 


=  2'/'0 


Bx 


at  X  *  b 


(6.9) 


where 


c  .  2 _ _  (6.10) 

\  (1  +R) 

a  function  of  E  through  R  and  K.  In  order  to  proceed,  we  must  make 
the  further  assumption  that  c  is  approximately  constant  over  the  range 
of  electron  energies  considered.  The  problem  then  becomes  similar  to 
that  of  heat  conduction  through  a  solid  bounded  by  parallel  planes  when 
heat  is  radiated  from  the  ends  into  a  medium  at  lero  temperature  (see 
Carslaw  and  Jaeger  [Ref.  3l]).  Substituting  (6.9)  in  (6.5)  gives 

Ett  .  .  .2h„b  (h^  .  P  (6.11) 

(b„-ci)  <‘‘n+=2^ 
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Thus 


n 

where  the  vslues  for  ere  determined  from  (6.11)  end  will  be  dis¬ 

cussed  Inter  end  where  the  s  ere  the  only  unknowns.  These  may  be 
de^termined  by  expressing  the  incident  hot-electron  current  in  the  form: 


lo  -  ^  K(E')  S(x-  0) 

27r 


(6.13) 


1. 


Determination  of 


From  ( 6. 13) , 


i+x(E')  -  8(x-  0) 

i.x(E')  -  0 


From  (4.8) 


^%{xX)  -  V'l(x.E') 


and  therefore 


V^(x.E')  •  K(E')  S(x  -  0)  (6.14) 

Suppose 

(615) 

Then  multiplying  (6.12)  by  X„  and  integrating  with  respect  to  x  over 
the  film  at  an  energy  E',  and  using  (6.14),  gives: 

/'’x.KIE')  S(x-O)  d«  ■ 
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0 


a^x. 

dx^ 


m  m 


and  therefore 


*  **n^  /  dx  •  /  f  X„  — ^  -  X,  — ■  ^ )  dx 

0  0  '  dx2  '  dx2  ' 


But,  from  (6.9), 


and 


BX. 

x«0 


BX_ 

^  -  C2  X„  •  0  at  X  -  b 


whatever  the  value  for  n.  Thus 

‘‘n)  A„X„  d*  -  0 

0 

and  thereforei 


/  XnXn,  dx  •  0  when  m  n 
0 


f  2 

meaning  that  all  Xj,  are  orthogonal.  To  obtain  J  dx  we 

0 

hS/xJd.  ./x.^d.  .(x„|ll)  -/(i)  d. 


(6.17) 


(6.18) 
Boto  that: 

(6.19) 
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From  (6.1$), 


and  therefore, 


(6.20) 


Integrating  girea 


hS  “  li  (^)  *  *'n  ** 


(6.21) 


Combining  (6.19)  and  (6.21)  gives: 


2  h2  /  X2  dx  “  (  \  ^  ^ 


(6.22) 


Now,  from  (6.17), 


r  X2 
-‘=1 


X 

"  dx  ^ 


+C2 


at  X  ■  0 


at  X  ■  b 


There  fore 


dx 


V. 


-‘=lXr 


+C2X„ 


at  X  ■  0 


at  X  ■  b 


(6.23) 
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i 


Uaiag  (6.20), 


X2 


(|>S- «{) 


«i»2  r. 


Uaiag  (6.23). 


at  X  ■  0 


at  X  ■  b 


Cl 


b 

-  4h2  r  r  _ 

0  "L(h2.c|)  (h^c^ 

Substituting  into  (6.22)  gives: 


/  x2  dx  -  2r„  l^b 


C2 


(h2-c|)  (hj-cj) 


] 


] 


From  (6. 18) I  (6.24),  (6.16),  and  (6.11),  we  can  get: 


Pb  +  - ^ -  1 

L  (h2.c2)  (h2.c2)J 

n  z  n  i 


2.  Evaluation  of 

(i)  Put  when  is  real.  Then  are  the 

the  equation  contained  by  (6.11),  namely: 


yi 


(«n  *  c^Xa  -  C2) 


(6.24) 


(6. 25) 


roota  of 


(6.26) 
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Consider  cj  end  C2  unequal;  (6.26)  any  be  aolvedi  grephieelly 
by  plotting  y^  as  e  function  of  a,|  es  shown  in  Fig.  6. 


Suppose  the  two  nontrivial  roots  of  (6.26)  are  (c2'*'p)  and 
-(c2+q)»  On  substituting  these  values  into  the  equation,  it 
is  found  that  p  ”  qi  showing  that  the  two  roots  are 

(ii)  Put  ■  i/3^  where  is  real.  Then  are  the  roots  of 

the  equation 

2i  ^  (i^  +  c^)(iy3  '*’02) 

(iyS  -  cjXiyS  -  C2) 

By  equating  real  and  imaginary  parts,  it  may  be  shown  that  the 
roots  exist  and  are  contained  by: 


I 


>2 


sin  2^j^b 


2/^n^*=l  +C2)(c2Ci  - 

+c2)(42  +  c2) 


(6.27) 


Inspection  of  this  equation  shows  that  if  a  root  exists 

then  so  does  Graphical  solutions  of  (6.27)  may  be  ob* 

tained  by  plotting  y2  against  /5^  for  positive  (Fig.  7). 

Further  simplification  of  the  roots  is  impossible  unless  special 
simplifications  are  made  between  b,  C2,  and  C|.  These  will  be  dis* 
cussed  in  the  following  chapter. 
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FIG.  7.  TYPICAL  GRAPHS  USED  TO  DETERMINE  THE  ROOTS  B 

B.  EVALUATION  OF  THE  ELECTHON  CURRENT  DENSITY 
Substituting  (6.25)  into  (6.12)  gives: 

n  n  1 


where 


and  thus 


K(E>)exp[-/^(||)]  exp[.H2/(M)] 

Pb  +  _-n_  +  _f2_-) 

L  (h2-cf)  (h2.c^)-l 


(6.28) 


(6.29) 


It  may  be  noticed  that  the  age  r  of  the  electron  as  defined  by  Fermi 

[Ref.  32]  in  the  form  t  •  - (XdE/20  enters  into  the  calculation  in 

a  natural  way.  Also  the  factor  exp  l-f  (dE/2C)]  arises  because 

E 

electron  multiplication  has  been  assumed. 
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Equation  (6.29)  any  be  eiaplified  by  grouping  togetber  the  contri¬ 
bution*  from  two  roots  ±h^.  The  current  density  then  involves  the 
following  terns: 


hi 


From  (6.11),  this  may  be  simplified  to: 


-hix 


2h. 


(hn  +  Cl) 

(h;  -  Cl)  J 

(6.30) 


For  the  case  when  h^  ■  iyS^,  (6.30)  may  be  simplified  further  to: 


— -  2\c^)  cos  /3„x  -  (ci  ± 

(cf  +  )5^)  *■ 


sin 


Thus 


(c2  .  ^2) 


^)3^(1  +  2\cj^)  cos 


(cj  ±  2\/32)  sin 


(6.31) 

When  the  roots  are  large,  the  contribution  to  (6.31)  is  proportional 

to 

!!^[;8„(1  ±  2\ci)  +  2)^2],  T 

”n  ^ 
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Now 


'(/3n) 


exp 


(t)] 


and,  since  X  is  negative,  ^  **  ^n"**' 

The  current  density  emitted  from  the  rear  surface  of  the  film  is 
obtained  by  taking  the  positive  sign  at  x  ■  b  in  (6.31)  and  multiplying 
the  result  by  the  transmission  coefficient  (I-R2);  that  is. 


8H(a;)  kc2a'l 

(<+ci)  (<+c2) 


+  8 


E 

^n>0 


»(y8„)  ^<=2/32 


{/82  +c2)(l  +2\c2) 


(1  -  2X.cp  cos  ySj^b 


(  ^  +  2>s5„  )  sin 


(6.32) 


using  (6.11)  and  where  the  coefficients  are  given  by  (6.28). 

Thus  the  total  current  emitted  from  the  rear  of  the  film  from  an 
incident  monoenergetic  beam  is: 

E' 

J  ir  dE 

*l>2 

and,  from  an  incoming  beam  having  incident  spectrum  fiiE' ) ,  is: 


o>  E' 

I  -  J  dE'  m(E)  /  dE  ij 
0  q>2 


(6.33) 


Similarly,  the  current  density  emitted  from  the  front  surface  of  the 
film  is  given  by: 


»»«)  r'  "<4) 

- lU -  +  8  >  - “r - — 

■  'i’  VO  ‘‘5 


(6.34) 
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The  totel  current  froa  the  front  of  the  film  froa  ea  incident 
energetic  beea  is: 


E' 

/  if  dE 
<Pl 

and,  from  an  incoming  beam  of  incident  apectrum  /i(E'),  ia: 

•  E' 

If  -  ;  dE'  m(E')  /  dE  if 

0  <Pl 


(6.35) 


Complete  expressions  for  If  and  1^  may  thus  be  obtained  by 
substituting  (6.32)  and  (6.34)  in  (6.33)  and  (6.35),  respectively. 

Further  simplification  is  possible  only  if  we  remove  the  restriction  that 
X,  K,  and  ^  are  energy  dependent,  and  this  will  be  done  now. 


C.  SIMPLIFICATI(»I 


Let  us  suppose  that  and  represent  the  average  values  of  k 

and  i  over  the  hot-electron  energy  range  considered.  For  a  given  ex¬ 
perimental  situation  they  are  constants,  but  for  different  materials, 
/i(E')  and  (p,  they  will  change.  Suppose  further  we  assume  that  X* 
in  accordance  with  our  assuming  (4.  11)  to  be  accurate.  Performing  the 
various  integrals  on  the  energy-dependent  exponential  terms  in  gives 

a  contribution  of 


■2  C, 


exp 


{klhl  -  1) 

oin^ 

2S„ 


<P2 


/  n(E')  K(E')  dE' 
0 


to  Ip,  and  a  contribution  of 


(6.36) 


<p  1  J  ^(E')  K(E')  dE'  (6.37) 

(h2\2.i)  >■  Jq 

to  If.  Now 

/  m(E')  K(E')  dE'  -<E'>  lo  (6.38) 

0 

aince  it  is  a  measure  of  the  total  current  arriTing  at  the  front  surface 
of  the  film.  Application  of  the  above  calculation  to  the  cold'cathode 
device  and  the  photoelectric  experiment  will  now  be  made. 
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mm 


A.  TOE  CDLD-CATOODE  EMITTER 

The  front  surface  of  the  netal  film  ia  joined  to  the  iaenlator  and 
thus  must  be  nearly  unity.  (If  the  electrons  were  to  eater  the 

insulator,  they  would  do  so  either  in  a  filled  or  forbidden  band,  and 
thus  the  only  possibility  would  be  for  them  to  tunnel  back  into  the 
base  metal.  This  probability  is  extremely  small,  as  discussed  in 
Chapter  II-D,  and  so  it  may  be  ignored.)  Putting  R|  •  1  in  (6.10) 
gives  C]^  ■  0  and  »  1. 

Estimates  of  C2  depend  entirely  on  the  value  assigned  to  R2-  In 
typical  metals,  the  maximum  energy  that  an  electron  can  have  before 
exciting  plasma  oscillations  is  approximately  typical  metals, 

(<p  -  Ep)  1  ev  and  thus,  from  (6.7),  R2  is  always  greater  than  y/T/2» 
Averaging  over  all  energies  and  remembering  that  electrons  having 
energies  nearest  to  ^2  dominate,  suggests  putting  R2  equal  to  0.9, 
giving: 


c 


0.0263 

^o 


(7.1) 


The  roots  are  obtained  from  solving  graphically  Eq.  (6.26) 

with  cj  ■  0,  namely: 


e 


2<b 


-(a;.c) 


(7.2) 


In  order  to  simplify  (7.2)  it  is  convenient  to  relate  the  film  thickness 
to  electron  mean  free  path  by 


b  - 

where  N  is  an  unknown  number  related  to  the  number  of  collisiona  ex¬ 
perienced  by  an  electron  passing  through  the  film.  (In  a  given  experi¬ 
ment,  b  is  assumed  to  be  known,  while  and  N  are  unknowns.) 

Typical  values  for  N  have  been  chosen  and  the  corresponding  roots 
obtained  are  shown  in  Table  1. 
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TABLE  1.  CALCULATION  OT  FACTORS  OCCURRING  IN  TRB  COLD>CATIIODB  EMlTtlR 


■■i 

FACTORS  1 

n 

a* 

[k+c/(a'*.e*)3 

S 

Mli  m  2.eSe 
\ 

0.006 

ah.,N(1.03) 

0.S4 

10 

a  2.05e 

\ 

0.003 

2\.,N(1.09) 

0.52 

25 

Sb^m  i.385e 
\ 

0.001 

2\,N(1.34) 

0.53 

^y2 

[b.c/(sj  +  c*)] 

5 

0.1 

0.4 

2.5 

Nho 

10 

0.025 

0.1 

0.625 

NX<, 

25 

0.004 

0.016 

0.100 

N\o 

■ 

0 

‘ 

5 

-0.40 

0.14 

•  0.20 

0.34 

10 

•0.48 

0.04 

-0.45 

0.07 

25 

-0.39 

1 

i 

0.14 

-0.46 

0.07 

In  a  similar  manner,  roots  are  obtained  by  solving  graphically: 


y2  ■  sin  2^„b 


•2A,c 

(/8g+c2) 


(7.4) 


Figure  8  shows  the  form  of  (7.4)  for  typical  values  of  N,  The  minimum 
i.  occurs  at  •  c,  where  it  has  the  value  -1;  and 

the  roots  occur  approximately  where 


M.  m  -Q2L. 
2b  2NA.J, 


(7.5) 


where  n  is  en  integer  [Eq.  (7.5)  is  more  accurate  for  the  larger  values 
of  n,  but  is  normally  also  sufficiently  accurate  for  n  ■  l] . 
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FIG.  8.  GRAPHS  FOR  THE  EVALUATION  OF  /5  IN  THE 
COLD-CATHODE  EMITTER. 


If  is  obtained  by  substituting  (6.36)  in  (6.32)  giving; 


lx  -  j_  Ak. 

h  19  <E'> 


r  ^  -  0  1  «n>> 

“n  25! — »2j 


2)0,  .in  ^„b  exp  [  ‘’^''2^  *  ®2] 


CO.  ^„b  exp[  pjJ 

*  ^  OS^i*»Ue2L[b.!^] 


(/82+c2) 


(7.6) 
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The  verioue  feetore  eppeering  in  (7.6)  hive  beta  celciiltted  lor 
typical  values  of  N  and  appear  in  Table  1.  iMpeetioa  reveals  that 
further  simplification  of  the  equation  is  possible  since  « 1, 


and  y 

where  is  very  close  to  unity.  Thus 


(7.7) 


>^0^0  **P  (  •  ^  ) 
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I,  19  - 


exp[-(^2,2,^][_(M).(M).in(f)] 
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(7.8) 


The  factor  contained  by  the  large  brackets  t  1  is  a  very  complicated 
function  of  N,  b,  and  <92-  However,  for  given  initial  conditions, 

it  does  not  vary  greatly  with  N.  This  has  been  demonstrated  in  a 
particular  case:  consider  a  gold  film  similar  to  that  used  by  Mead 
[Ref.  17]  in  which  ^2  ■  values  of  {  >  and  [  ]  have 

been  calculated  for  two  different  values  of  Cqi  namely  1/2  ev  and  1  ev  [in 
which  case  has  the  values  10. 4  and  5. 2,  respectively].  It 

must  be  emphasized  that  the  values  obtained  are  very  rough  and  involve 
taking  the  sum  of  two  converging  series,  each  consisting  of  partially 
canceling  terms.  Thus  it  is  reasonable  to  take  [  1  approximately 
constant  and  of  order  0.1.  From  (7.8) 
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predicting  that  a  graph  ef  (Ip/Ig)  againat  (1/b)  ahovld  be  •  atrei^t 
line  ehoae  alope  dependa  on  k^,  p2>  Md  <1*^  aa  indicated  by 

(7.9).  Departurea  of  the  experieental  pointa  iron  aueh  a  atraigbt  line 
nay  be  attributed  to  errora  involTed.  in  aaauning  that  [1  ia  a  eonatant, 
indicating  that  attenpta  at  obtaining  aelf>eoaaiatent  Taluea  of  [  ]  aa 
a  function  of  1/b  ahould  be  nade.  In  thia  «ay,  a  aore  accurate  mine 
for  the  alope  ahould  be  attainable. 

By  obtaining  a  aeriea  of  reaulta  aa  a  function  of  the  energy  range 
of  the  incident  beam  and  alao  of  the  work  function  at  the  enitting 
aurface,  detailed  information  ahould  be  obtained  about  the  variation  of 
the  actual  mean  free  path  X.  and  energy  loan  per  colliaion  {  aa 
functiona  of  the  energy  of  the  primary  electron. 

The  only  aet  of  reaulta  available  at  preaent  to  which  diffuaive 
motion  might  apply  are  those  by  Mead  [Ref.  17,  Fig.  ll.  If  hia  reaulta 
are  replotted  in  the  form  of  ratio  of  emitted  current  to  input  current 
aa  a  function  of  1/b,  a  straight  line  is  obtained  for  the  two  input 
energy  spectra  considered.  It  is  found  that  the  ratio  of  the  slopes 
(for  high-energy  electrons  to  low-energy  electrons)  is  given  by: 


where  the  indices  h  and  I  refer  to  high-  and  low-energy  incident 
electrons.  Now  C©  ^  “*“*  *^**'*“  ‘“y  change  in  with  energy  is 

likely  to  be  outweighed  by  variations  with  energy.  The  only  method 

of  getting  more  accurate  information  would  involve  additional  experiments 
measuring  the  total  yield  for  a  given  incident-electron  energy  beam 
as  the  barrier  height  <P2  is  varied. 

B.  THE  PHOTOELECTRIC  PROBLEM 

When  hot  electrons  are  produced  by  shining  light  on  the  metal  film, 
the  two  surfaces  will  behave  similarly  as  far  as  hot  electrons  are 
concerned  and  thus  the  reflection  coefficients  will  be  equal.  Thus 
Cl  «  C2  ^  1/38  X,  taking  R  •  0.9  as  before.  Using  thia  relationship, 
the  nonaero  root  is  found  from  (6.26)  in  the  form:  - - 
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Froa  (6.32). 
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®xp^  exp(ob) 
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( 1  -  2kc)  cos  )8jjb 


(7.13) 


and,  from*( 6. 34) , 


j 

I 


Table  2  contains  values  of  and  the  various  factors  derived 

from  it  for  typical  values  of  N.  Inspection  reveals  that  both  (7.13) 
and  (7.14)  may  be  further  simplified  as  a2\2  « 


+  is - 1  -  aX-NCFo) 
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TABLE  2.  CALCULATION  OP  PACTORS  OCCURRING  IN  TRB  RNOTOILgCTRIC  DEVICI 


1  FAClOnS 

1 -  - -  - -  _  —  _ _ _ _ 

N 

$ 

a 

!  ^ 

tb  ♦  2c/(a^^  -  c^)] 

5 

2\.oN(l.02) 

Kji 

1 

10 

2X.oN(1.07) 

kji 

1 

25 

■  l.85c 

2\oN(1.13) 

1 

M  -  1/2F2  •‘‘’Is/(<*c)]* 

p  -  i/2P2t«;/(a;-c)]* 

S 

0.4 

4.0c 

0.36 

0.90 

10 

0.1 

1.75c 

0.35 

1.17 

25 
_ ! 

0.016 

1.5c 

0.37 

1.71 

and 


f  ^ 

V  Vo/ 


1  for  n  >  1 


From  (7,13),  therefore, 


1, 

lo  19  (V) 
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(7.15) 


and  from  (7. 14) , 
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where 


M 


P 


constant  and  equal  to  0.36)*1 


S  (7.17) 


and 


Qo 


1 


J 


For  photoelectrons,  the  average  energy  loss  per  collision  must  be 
small  since  the  electrons  have  an  energy  nearer  to  the  Fermi  energy  than 
those  generated  in  the  cold-cathode  device.  Estimates  of  the  two 
factors  [  ]  appearing  in  (7.15)  and  (7.16)  have  again  been  made  for 
various  values  of  (^p/24q)  and  appear  to  vary  only  slightly  with  N. 
Thus  both  Ij.  and  appear  to  depend  on  (1/b). 

Since  it  is  normally  possible  to  measure  both  (It/Iq)  and  (^f/lo^ 
as  functions  of  thickness,  more  information  concerning  the  factors  is 
forthcoming  than  in  the  cold-cathode  experiments  as 


M  +  R 


n>l  *- 


(I  +2\c) 


sin 


(7.18) 


At  the  present  time,  it  is  not  possible  to  compare  the  predictions 
of  Eqs.  (7.15),  (7.16),  and  (7.18)  with  experimental  data  since  such 
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reftultt  corretpond  to  tho  cosos  where  the  hot*electroa  Motion  ie 
unlikely  to  be  diffusive.  (Accurate  results  would  involve  self-consistent 
solutions  once  sgsin. ) 

Chapter  V  described  the  diffusive  notion  of  the  electrons  generated 
within  the  metal  film.  Normally  »  k  and  thus,  from  (S.26), 

ij./i|  y  a  form  characteristic  of  ballistic  motion.  It  would 

appear,  therefore,  that  the  incorporation  of  a  high  reflection  coef¬ 
ficient  is  responsible  for  changing  this  dependence  to  (l/b);  this 
result  seems  quite  plausible  on  physical  grounds. 
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The  model  used  to  describe  the  motion  of  hot  electrons  vithin  s 
metsi  film  is  one  of  diffusion.  It  assumes  that  most  electrons  undergo 
reflection  at  the  film  surfaces,  that  they  suffer  several  collisions  to 
randomize  their  motion ,  and  that  the  di f ferent ial •scattering  cross 
section  contains  only  s*type  and  p*type  angular  dependences.  The  result 
of  introducing  electron  multiplication  into  the  model  produces  the 
factor  exp(-<p/2;^)  in  (7.8),  where  (p  •  ^2^  •I*®  (7.15)  and 

(7.16).  It  also  makes  <cos  take  the  value  2/3  in  (4.11).  If 

this  effect  was  completely  absent,  the  predicted  variation  of  yield  with 
work  function  of  the  emitting  surface  would  not  arise  and,  also,  X  would 

n 

equal  On  the  other  hand,  partial  electron  multiplication  would 

change  exp  [- (^2/2Co^  ^  ®xp  [- (q)2/tCo »  where  t  lies  between  1  and 

2  and  depends  on  the  energy  of  the  incident  hot*electron  beam,  and  also 
on  X. 

In  a  given  device,  it  would  be  very  desirable  to  decide  unambiguously 
whether  the  motion  of  the  hot  electrons  is  ballistic  or  diffusive.  It 
would  appear  easy  to  do  so  at  first  sight,  as  ballistic  motion  is 
characterized  by  an  exponential  decay  law  whereas  an  approximate 

1/b  variation  for  diffusive  motion  is  predicted  here.  However,  it  was 
seen  that  the  results  of  Mead,  for  example,  gave  straight-line  dependences 
in  both  cases,  although  this  might  not  be  the  case  if  experimental 
scatter  of  the  points  could  be  reduced.  Thus,  at  present,  such  dif¬ 
ferentiation  between  the  two  types  of  motion  is  inconclusive. 

The  theory  presented  in  the  preceding  chapters  should  be  applicable 
to  other  problems  in  physics.  The  motion  of  hot  electrons  in  semi¬ 
conductors  is  an  example--in  germanium  and  silicon  the  electrons  lose 
energy  by  collisions  with  optical  phonons  and  their  motion  is  certainly 
diffusive  [Bartelihk,  Ref.  33].  The  only  modifications  necessary  would 
be  to  remove  the  terms  introduced  by  electron  multiplication  and  alter 
the  values  used  for  the  parameters.  The  theory  should  also  be  applicable 
to  the  slowing  down  of  low-energy  neutrons  in  a  material.  The  mathe¬ 
matics  involved  also  resembles  that  of  heat  conduction  and  thus  may 
presumably  be  interpreted  for  the  case  of  a  thin  slab  of  material. 
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Mrlgjit-Fattaraon  AIB,  <Mlo 
1  Attn:  MCLI-Ubrmry 


Bxecutiva  Director 
AF  Office  of  Sciantirlc  Raa. 
WMhiegU^o  Zjf  D.C. 

X  Attn:  SRXA 

School  of  Aaroapaea  Nidlolna 
Brooke  AIB,  Ohio 
1  Attn:  SNAP 


Air  Proving  OrognA 
BgXln  AIB,  fU. 

1  Attn:  APOBII,  Ieoh.  Library 


OoMMuader 

loUcMsn  AIB,  Rsif  Mwleo 
1  Attni  m 

AF  Spaeisl  BsapoM  Omtar 
KlrtXHM  AIR,  Bsv  Hnclse 
1  Attni  SMOX 

Mreetor,  Air  Bblmrslty  Ubmrv 
IhwaU  AIB,  Ain. 

1  Attni  0it982 


AT  Missile  Bast  OsWar 

PnbrlMi  AIB,  fUrlin  _ 

1  Attat  AWie  Besh,  LIBmry,  IB^13$ 
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rnwOTfllt^  QmmX,  BADC 
OrlfflM  m,  fkMm,  i.y. 

2  Att&s  ianr 
1  Attot  BMieL 

1  Atta:  SoQiMat  Library.  KAAIA 
I  Attoi  Sum 

1  Attat  BALS/J.  IblUk 
X  Attnt  urns,  T.  J.  Sowgrat 
X  Attn I  BAMS,  Bayvood  Utbb 

Coanaadar,  AICBL 
B«dford|  Mms. 

X  Attn:  CRKnT-2«  FXactronict 
1  Attn:  GBXL,  Selastlfle  Lib. 

X  Attn:  Zl«e.  Ba«.  lab.  (CBR) 

X  Attn:  CRBCPy 

X  Attn:  GRRCP,  Fhya.  Uac.  Br. 

CoaModer,  AF  BaXXUtlcs 
Missile  Dlylslon 
Lob  Angeles,  Calif. 

X  Attn:  WStFM>X-TDC 

Eq.,  AFBC  Mdrevs  AVB 
Washington  S?,  D.C. 

1  Attn:  SCSI 
X  Attn:  8CTA2 

Director,  R  and  D 
Hq.,  CBAP 

Iteshington  2^,  D.C. 

1  Attn:  AIWR-mj  (Lt.  Col.  Booth) 

Assistant  Secy*  of  Defe)Me(B  and  D) 
Washington  2^,  D.C. 

1  Attn;  Technical  Library 

Office  of  Director  of  Defense 
K  !u;d  E 

1  Washington  2^,  D.C. 

Office  of  Assistant  Sec'y.  of  Def. 
Washington  25,  D.C. 

1  At on:  A£ 

Department  of  Defense 
Washington  25,  D.C. 

1  Attn:  Code  121A,  Tech.  Lib. 

Institute  for  Defense  Analyses 
1666  Connecticut  Ave. 

Washington  6,  D.C. 

1  Attn:  W.  E.  Bradley 

Director 

Weapons  System  Evaluation  Group 
1  Washington  25,  D.C, 

Central  Intelligence  AgeiKsy 
Washington  25,  D.C. 

1  Attn;  OCR  standard  Diet. 

U.S.  Coest  Guard 
tfeshlngton,  D.C. 

1  Attn:  TggR 

Advisory  OToup  on  Electron  Devices 
Hev  york  13,  R.y. 

2  Attn:  Harry  SulXlvan 

Cc»nmnder,  ASTIA 
Arlington  12,  Va. 

20  Attn:  TISIA 

Advisory  (broup  on  ReliabUlty  of 
Eleotronlc  Devices 
The  Pentagon 
1  NaAhlugton  25,  D.C. 

Office  of  Technical  Servleee 
1  Wsshtngton  25,  D.C. 

BASA,  Langley  Res.  Ctr. 

Hampton,  Va. 

1  Attn:  C.  L.  iriQke,  IRD*CB8 


rn—nding  Offiomr 
Dlamid  OrdAMPwm  tmlw 
Wsshlngtnn  25# 

1  Attat  T.  N.  Lilaatalama 

2  Attat  OBXSL  930,  Dr.  B.  Touag 

1  Attat  0nSL.li5O^36-B.  A.  Coaya 

Director 

U.C.  Hatloaal  Bureau  of  StnOarda 
Wbshtagton  25,  D.C. 

1  Attat  See.  lU.l,  0.  Shapiro 

U.S.  Departamat  of  Coasuroe 
latloael  Bureau  of  Staadards 
Boulder,  Colo. 

1  Attat  Oaatral  Radio  Prop.  Lab. 

1  Attat  UbraxY 

2  Attn:  Miss  J.  T.  Lincoln,  Chief 

Radio  Wemlag  Senrloe  Sec* 

Director 

Batloael  Security  Agency 
Pt.  Georgs  Q.  Msede,  Ml. 

1  Attn:  R  31 

1  Attn:  R  304,  V.  R.  Boeiming 

2  Attn:  C3/te,  Ra.  2e087 
1  Attn:  R  42 

1  Attn;  C15 

Chief 

U.S.  Army  Security  Agency 

2  Arlington  12,  Va. 


UNivgtsrriES 


university  of  Arizona 
Tucson,  AriEona 
1  Attn;  Dr.  D.  J.  Haaillton 

California  Institute  of  Technology 
Pasadena,  Calif. 

1  Attn:  Prof.  L.  M.  Field 
1  Attn:  Docusents  Library 

University  of  California 
Berkeley,  Calif. 

1  Attn:  R.  H.  Saunders,  Chm.  EE  Dept. 

1  Attn:  Prof.  J.  R.  Si^r 
1  Attn;  Dr.  B.  K.  Wakerling,  Rad.  Leb. 

university  of  California 
Livermore,  Calif. 

1  Attn:  Tech.  Difo.  Dlv. 

university  of  California 
Los  Angeles  24,  Calif. 

1  Attn:  C.  T.  Leondee,  Prof,  of  Eng. 


Laboratories  for  Applied  Sciences 
university  of  Chicago 
Chicago  37,  HI* 

1  Attn:  Library 

Cornell  University 
1  Ithaca,  S.Y. 

Drexel  Destitute  of  Tsehnology 
Dept,  of  EE 
Philadelphia  4,  Pa. 

1  Attn:  F.  B.  Baynea 

DePaul  university 
1036  V.  Beldon  Ave. 

Chicago  14,  m. 

1  Atte:  Sr.  J.  J.  Eupert 

university  of  Florida 
1  Gainesville,  Fla. 

1  Attn:  Prof.  W.  S.  Uar 
1  Attn:  M.  J.  Wiggins,  BDgr. 


dMRgi  »ihlaglna  Uhlvavstty 
VMhUig  6,  D.O. 

1  Attat  S.  f«  ftptiwnri 

VriaslpaX  XosaatliVlcr 

OMTgla  butltiite  of  TectaMloiF 
AUaAtai  Oiergia 

I  Attei  Nrt.  B.  Crniliti  Ubnorlaa 

1  Attat  I  r.  Dinoa,  lag*  8t. 

Harvard  Ilslvaratty 
Ositeldgs  30,  Mass. 

2  Attai  Mrs.  I.  Bartaa,  Utettrlan 

Illinois  Surtitote  of  TtUhnoloty 
Chicago  16.  HI* 

1  Attat  Or.  Paul  C.  Yhaa 

tkilTerslty  of  lUlBois 
tfrbana,  lU. 

1  Attn:  Paul  D.  Colauan 
1  Atta:  Antenna  Lsb 
1  Attat  %.  Parkins 
1  Attat  Prof.  D.  Alpart 
1  Atta:  Library  Serlala  Dspt. 

Johns  Hopkins  university 
SUvar  Spring,  M&. 

1  Attn:  A.  V.  Bsgy 
1  Attn;  H.  H.  Chokay 

Carlyle  Barton  leb 
Johns  Hopkins  Uhlvaralty 
Charles  sad  34th  Streets 
Beltlnoie  I8,  ML. 

1  Attn:  Librarian 
1  Attn:  J.  M.  Mlnkovskl 

Llnfleld  Research  Bastltute 
McMinnville,  Oregon 
1  Attn:  0.  H.  Bickok,  Director 

Marquette  university 
MUvaidMe,  Wisconsin 
1  Attn:  Arthur  C.  Moelisr 

MU 

Research  teb  of  Electronics 
Caahrldge  39,  Mass. 

1  Atta:  Dociaent  Rn.  26-327 
1  Attn:  John  E.  Ward 

MET 

Electr<mlc  S^tens  Lab 
1  Lexington  73,  Mass. 

1  Attn:  Ubrsry  A-229 
1  Attn:  Or.  V.  I.  Wells 

Director 

Cooley  Electronics  Lab,  H.  Campus 
Uilvsrsity  of  Mlehlgsn 
1  Ann  Atbor,  Michigan 

university  3f  Michigan 
Ann  Afbor,  lULcblgan 
1  Atta:  Elec.  Phys.  Lsb. 

1  Attn:  Prof.  J.  E.  Rowe 
1  Attn:  Tech.  Doc.  Service 

university  of  Minnesota 
MinaenpoUa  14,  NUu. 

1  Attn:  Prof.  A.  Vna  dar  Ziel 
1  Attn:  W.  N«  Bunn,  A* 

Univarslty  of  Bavada 
Beno,  Bavada 

1  Attat  Dr.  B.  A.  Mnhsrt 

Xav  York  Ohlvcralty 
■aw  York  53, 

1  Attat  R.  r.  OoteUeasa 

BorUwaatara  Uhlvaralty 
Xvaastoo,  HI* 

1  Attat  «•  8.  To^ 
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JMlmitj  of  ■otM  Shm 
South  iMBdt  IMIm 
I  AttOS  SUfMO  WtBsrj 

Oldo  Stoto  Qtaivmlty 
X  Oolu*uo  10,  Ohio 
X  Att&i  ?Tot,  1.  N.  Boom 

Ohio  UhlTortitjr 
AthMi,  Ohio 

X  Attn:  B.  C.  Qulsohborry 

Oroooa  Stoto  OilTOrii^ 

ConroXllo,  Orogoo 
1  Attat  H,  J.  Oortlniyi 

PoXytoehaic  Znotltoit* 

Bro^Qyn,  l«Yt 
X  Attn:  Zioonord  Bh«r 
X  Attn:  Bopt.  of  KB 

PoXytecfanic  Lutltuto 
fiouto  XXO 
FoxBisfldalo,  K*Y> 

1  Attn:  T.l'bmrlon 

Princeton  Ubiverelty 
Dept,  of  BE 
X  Princeton,  R.J. 

Fnrdue  Ohlverslty 
Lef^tte,  DiAlenn 
X  Attn:  Llbrozy 

ReneseXaer  FoXyteclmlc  Inetltute 
1  Tfoy,  H.y. 

Uhlvorsity  of  Rocbeiter 
Bocheetor  20,  B.Y. 

1  Attn:  Dr.  0.  B.  Coben 

Rose  Polytectele  Institute 
Dei>t*  of  ES 
Terre  Haute,  Dadlana 
X  Attn:  Dr.  C.  C.  Rogers 

Rutgers  Uhlveraity 
Bevarh  2,  B.J. 

X  Attn:  Sr.  Charles  Pine 

Stanford  Research  Institute 
NenXo  Park,  Calif. 

X  Attn:  Bxtemal  Reports  0-037 

university  of  Texas 
1  Austin,  Texas 

Texas  Technological  College 
BE  Dept. 

Lubbock,  Texaa 

1  Attn:  Prof.  Harold  Spuhlsr 

university  of  Utah 
Salt  Lake  City,  Utah 
X  Attn:  Richard  V.  Qrow 

VlXXanovm  Ifcilverslty 
ViXXanova,  Pa. 

X  Attn:  Tboa.  C.  Gabriele,  Asst  .Prof. 

university  of  Virginia 
CharlotteavilXe,  Va. 

X  Attn:  AXdanan  Library 


mwmi 


AMMX  Ooaep* 

OMcajO  XU* 

X  Attn:  B.  !•  Beharaoo,  UbxiriMi 

Atxhone  batnaNata  Lhb 
Dear  tack,  L.I.,  I.T. 

1  Attn:  J.  1.  SSw,  VF  ant  Teoli*  Dir. 

Aa|iar«x  Oorp. 

Hickarma,  L.Z.,  B.T. 

1  Attn:  8.  Baitaaao,  FroJ.  bgr. 

ArgOMM  HntiooaX  LA 
Arkema,  ZXX. 

1  Attn:  Sr.  0.  C.  Siavaon,  Dlraetor 
Solid  State  Selanea  Dtr. 

Autcaatioa 
Doimay,  Calif. 

X  Attn:  Teefa.  Lib.  3CA0.3 

Bell  Telephone  Labs 
Murray  Hill,  B.J. 

1  Attn:  sr.  J.  X.  Galt 
1  Attn:  Or.  J.  R.  Plaree 
X  Attn:  Sr.  M.  Sparks 
1  Attn:  J.  W,  marllXiaa 
1  Attn:  Ifr.  J.  A.  Morton 
1  Attn:  Sr.  R.  M.  Rydar 

Bandlx  Corp. 

Southflald,  Detroit,  Michigan 
1  Attn:  A.  0.  Paifer 

Bendix  Corp. 

Xorth  HoUyvood,  Calif. 

I  Attn:  ingr.  Library 

Boeing  Scientific  Ree.  Lab 
Seattle  2l|,  Wash. 

1  Attn:  0.  L.  Hollingsworth 

Boone  Laboratorlss 
Beverly,  Mus. 

1  Attn;  Research  Library 

Baird  Atoade 
33  Univaraity  Rd. 

CaArldge  3d,  Mass. 

1  Attn:  sr.  Boraig 

ColiaAla  Radiation  Lab 
1  Bev  York  27,  V.Y. 

Convalr-A  Dlv.  of  (ten.  Dyiuaies 
San  Diego  12,  Calif. 

1  Attn:  Ehgr.  Library 

Cook  Research  Labs 
X  Norton  (teove,  Ul. 

Comall  AercMMuitlcal  Lsbs.,  bo. 
Buffalo  21,  B.Y. 

2  Attn:  Llbnry 

X  Atm:  D.  K.  Flwnter 

BltaX-MeCuXlon^,  bo. 

San  Carloa,  Calif* 

X  Attn:  Has.  Library 
X  Attn:  V.  R.  LnablM 


Univaraity  of  Iteahlngton 
Saattia  %  Rksh. 

X  Attn:  A.  1.  Buriaon 

YhXa  thdraralby 
Bagbaariog  Ubrary 
Bev  Havan,  Conn. 

X  Attn:  Sloaaa  Phyaios  Lab 
X  Attn:  Oapt.  of  B 
X  Attn:  Dunhen  Xteb 


BXaetronio  Coamnloatlon,  be. 
X  Tbonlua,  Ml. 

baricat  Baaaaroh  Liba 
SiXvar  Spring,  Mi. 

1  Attn:  S.  lattoar 

Baan  Ihdght  Ooip. 

Bait  BMiek,  taaa. 

X  Attn:  Library 


btethdU  lBl»«8iiBnr  Oorg. 
X  Mtni  Mr.  ▼.  1*  MUfth 


ffylfflUy  bbl 

f  .0.  Bok  898 
Mnlo  ta^  OaXif. 

X  Attn:  Ltbrariig 

bnaml  Baatela  Go. 

OormU  V.  Dataan  Bba.  Div.^XMKD 
Ythaan,  B.T* 

1  Altai  Library 

VXAi  On— mr 

1M#l»lhltaraott  AIB, 
Ohio,  Attn:  WSUMA 

OanaraX  BLaetrio  Oo. 

Jofanaon  City,  B.Y. 

X  Altai  A.  C.  lihrridk 

OanaraX  BXaetrio  TVT  ftoduet  Sac. 
FIXo  Alto,  Oalif  • 

1  Attn:  Tioh.  Library 
1  Attn:  D.  B.  Oootaan,  Mgr* 

Naaufaoturine  Opmtione 

OaMvaX  EXaatrlc  Co. 

Schanaetady,  B.Y. 

1  Attn:  sr.  P.  M.  Laria 

OanaraX  BLaetrle  Co* 

Syrakouaa,  B.Y. 

1  Attn:  Tkiflunant  Library 

(teoeral  BXoctrlc  Co. 

Aubtem,  B.Y. 

X  Attn:  Mr.  0.  C.  Both 

OanaraX  ILaetric  Co. 

Sehmaetady  B*Y. 

1  Attn:  0.  B.  biker 
1  Attn:  B.  D.  McArthur 

OeaeraX  Praolaion,  bo. 

Link  Dlvlalon 
Xb9X  CaXlf .  Ava. 

Palo  Alto,  Calif. 

1  Attn:  Miaa  8.  R.  FiaU,  Librarian 

OanaraX  Talapbooa  and  Blactrcailc 
labs.,  be. 

Bayaida  60,  B.Y. 

X  Attn:  L.  R.  BXoon 

Oixmian  Brotbara 
Los  AngaXaa,  CaXlf. 

1  Attn:  Bnainaaring  Library 

Ooddard  Spaea  Flight  Oantar 
OraanbaXt,  Nd. 

X  Attn:  Coda  6X1 

Ballleraftara  Co. 

ChleagD  21,  ZU.  / 

X  Attet  Ml.  ftaokart 

Bmbtt-Paokard  Oo. 

1  Palo  Alto,  OaUf . 

Bofftan  BLaetronloa  Oorp. 

X  Lm  MmmZm  7,  OaXlf. 

HRB  Singar,  ba. 

Stnta  OoUaga,  Pn. 

X  Altai  Ba^.  Ibfh.  Otr. 


Bughaa  Alrcrtal  Oo. 

OeZvar  Cl^,  Oidir. 

1  Attet  taoh.  BotManto  Otr* 

BH^wa  Airamfl  Oo. 

BMport  1— «  CaXlf* 

X  Attet  tdbrwy 
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1  5yMmen"^9  C«xif* 

JM  CorpontloQ 
8«i  Joft^ 

1  Attai  Dr*  Mih  tin 
1  Atta;  USmb  M.  Orlfm 


lat  Corforatloo 
Tdcfanleal  Itoporto  Center 
Space  Quidanoe  Center 
Maral  Systaas  Divlaion 
1  OvegOf  K*Y* 


JSPS  federal  labe 
Mutiny  10,  M.J. 

1  Attn:  Lltoarlen,  Mr.  KUta  Mount 
1  Atta:  J.  J.  Oolden 
X  Attn:  A.  W.  HeSran 


1  Attn:  J.  LeOrand 


ITX  Labs 

San  Francisco,  Calif. 
1  Attn:  C.  V.  Stanley 


Jansky  and  BaHey 
Washington  7»  O.C. 

1  Attn:  Mr.  J.  Benner 

Laboratory  for  Electronics,  Inc. 
Boston  1^,  Maas. 

1  Attn:  Library 


I£L,  Inc. 

Copiague,  L.I.,  H.'f. 

1  Attn:  Mr.  H.  S.  Msutner 


NUrovass  Asseslatas,  Xte. 
BvUagtoa,  Mms. 

1  Attni  Lltoary 

Nlorosav*  Associates,  Sac. 
Burlington,  Mass* 

1  Atta:  ftr.  Kteausth  Nortenson 

merowave  ELeotroalos  Carp* 
p«lo  Alto,  Calif. 

X  Attn:  Stanley  F.  Xalssl 
X  Attn:  M.  C.  Long 


IGA 
WtarU 
1  Attni 

1  Attai 


Ntsrosnve  *ifte  Pit.  XsA. 
«Ug*  99 
V.  YUtn 


PCA 

1  Moorestoea, 


I.J. 


BCA  Lshs 
Frlneetoa,  I.J* 

1  Attn:  Barriok  JcAnsoa 


mnnsapolls-Honsyuell  Bsgulator  Co. 

1  Blvlsim  beach,  Ha. 

MixmeapollB-aonayireU  Regulator  Go. 
Aer<»autlcal  WLvlsiOTi 
1915  Amacoet  Ave. 

Los  Angeles  2^,  Calif. 

1  Attn:  Tech.  Library 

Monsanto  Rssssrch  Corp. 

Layton  7,  Ohio 
1  Attn:  Mrs.  D.  Crabtree 

Monsanto  Chemical  Co. 

St.  Louis  66,  Mo. 

1  Attn:  Mr.  E.  Orban,  Mgr.  of 
Inorgsnic  Developnent 

Motorola,  Lac.  - - 

Chicago  51»  m. 

1  Attn:  Jo  Goldyn,  CMC  Ubrarlsn 

VIA:  Motorola,  Inc.  Security 
Officer,  Chicago  51,  HI. 


RCA  XeAs 
Mev  Ihrk  13, 
1  Attn:  N.  C. 


H.Y. 

Itrers,  Sr., 


Mgr. 


RCA 

\i6bum,  mss. 

1  Attn:  Llhrery 

Raao- Wooldridge 
Cenoga  Paztc,  Calif. 

1  Atta:  Tech.  IkifD.  Sarvleee 


The  Baal  Corp. 

Santa  Monica,  Calif. 

1  Attn:  Helen  J.  WAldroa,  TAb. 


Raytheon  Co. 

Burlington,  Meee. 

1  Attn:  Llhrerlan,  Mlnrowave  and 
Ponrer  Tiibe  Dlv. 


Raytheon  Co. 

Bedford,  Mase. 

1  Attn:  »e.  I*  Britton,  Lib. 


Lenkurt  iilectrlc  Co. 

Saii  Carlos,  Calif. 

1  Atta:  M.  L.  Waller,  Librarian 

Llbrascope 
dendale  1,  Calif. 

1  Attn:  Engr.  Library 

Litton  Industries 
San  Carlos,  Calif. 

1  Attn:  Tech.  Librarian 

Lockheed  Aircraft  Corp. 

Marietta,  Qa. 

1  Attn:  Dept.  72-15 

Lockheed  Aircraft  Corp. 

Sunnyvale,  Calif* 

3.  Attn:  Dr,  W.  M.  Harris 

Lockheed  Missile  and  Space  Co. 
P.O.  Box  50^ 

Sunnyvale,  Calif. 

1  Attn:  Dept.  67-33,  Bldg.  524 
0.  W,  Price 

Lockheed  Electronics  Co. 
Plainfield,  H.J. 

1  Attn:  C.  L.  Opitz 

Loral  Elsctronicr  Corp. 

11^4  Miaalssippl  Ave. 

1  Los  Angelee  25,  Calif* 

Loral  Blectxonlca  Corp. 

Mefv  fork  72, 

1  Attn:  Louise  Daniels,  Llbrsrlen 
The  Martin  Co. 

SCI-Tech.  Ubrery,  Mall  J  396 
1  Beltlaore  3,  IML. 

Tbs  Mexson  Eleetronlcs  Corp* 

Rev  York  1,  B.Y. 

1  Attn:  N.  31^?eon 

Mslper,  me. 

Fells  Church,  Vs. 

1  Attn:  Ubrsrlan 


Motorola,  Inc. 

Scottsdale,  Arizona 
1  Attn:  Dr.  J.  W.  Welch,  Jr. 

1  Attn:  Military  Electronics  Dlv. 
1  Attn:  John  Caoherts,  Mgr. 

1  Attn:  Paul  Stanclk 

Borden  Division  of 
Uaited  Aircraft  Corp. 

Borvalk,  Conn. 

1  Attn:  Alice  Ward,  Ubrarlan 

Bortronlcs,  Inc. 

Palos  Verdes  Research  Park 
1  Palos  Verdes  Estates,  Calif. 

Horth  American  Aviation,  Inc. 

1  Coluaibus  16,  Ohio 

Pacific  Semiconductors,  Inc. 

XAHDdele,  Csllf* 

1  Attn:  H.  Q.  North 

Fhllco  Corp.,  W.D.L. 

Palo  Alto,  Calif. 

1  Attn:  B.  Herzog 

Phllco  Corp. 

PhlladelphU  34,  Pa. 

1  Attn:  F.  R.  Shenaaa,  Mgr.  Ed. 

Phllco  Corp. 

Blue  Bell,  Pa. 

1  Attn:  Dr.  J.  R*  FeldMler 
1  Atta:  C.  T.  MoCoy,  Res.  Dlv. 

Polarad  ELeotrooice  Corp. 

Long  Island  City  1,  E.Y. 

1  Attn:  A.  H.  Soonenecheln 

FRD  Smetronlce,  Ibc. 

Brooklyn  1,  M.Y.  ^ 

1  Atta:  R.  Casleaa,  Adv.  Asslt. 

Radiation,  Leo. 

Malboumt,  IXa. 

1  Attn:  Llbrarlea 


Raytheon  Go. 

1  Santa  Barbara,  Calif. 

1  Attn:  Llbrarien 

Raytheon  Co. 

Waltham  54,  Maes. 

1  Attn:  Bee.  Dlv.  Idb. 

1  Attn:  Dr.  H.  Scherfteea 

Revere  Copper  and  Braes,  Inc  • 
Brooklyn,  N.Y. 

1  Attn:  Vincent  B.  Imne 


Sandla  Corp. 
Albuqusrque,  Heir  Mexico 


S.F.D.  Labs,  Inc. 

1  Ublon,  H.J. 

1  Attn:  Dr.  J*  Sloom 


Socony  Mobil  Oil  Co. 
DalljM  21,  Texas 
1  Attn:  Llbrarien 


The  STL  Tech.  Library 
1  Redondo  Beech,  Cellf . 


Sperry  Gbfroecope  Co. 

Qgreat  Becd:,  H.T.  . 

1  Atta:  Leonard  Seem  (M.8.  3fS  W) 


Sparry  Mlcroerata  xmotroniee  Co. 


Sperry  ELeetron  Tvd>e  Dtv. 
1  QalneevUle,  fla. 


Sperry  (^froeeopa  Co. 
Oraat  leok,  L.!.,  H.T. 
1  Attai  *.  Mstbaa 


1  Attai 
1  Atta: 


T,  D.  Sag! 
K.  Bsnay, 


4t 
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eyluaU  lUotrlo  FroOuetti  &»• 
P.0,  Box  997 
Nt.  VUfw,  Cilif. 

1  Attpt  VMh.  Liteary 
1  Attai  J.  B.  dMatlti  METL 

rr— Mtnfllm  Offlear 
U.8.  Aray  Signal  ELeetronlea 
Raaaarob  Uait 
P.O.  Box  20? 

I  Nt.  VUtf,  OaXlf. 

S^vaala  llactroaiea  FToducta 
VUtbM,  Ifcaa. 

1  Attni  Librarian 
1  Attn:  John  Doanar 
1  Attnt  Mr.  1.  E.  BoUla 

Taehnleal  Reaaareh  Qroup 
1  Syosaett,  L.I.,  E.Y. 

Taxaa  ^truNOta,  Boo. 

DftUaa  22^  Taxaa 

1  Attai  M,  E.  CbuD 
1  Attn:  Ik*.  V.  Adcock 

:  Tektronix,  ^c. 

Baavarton,  Oragcm 

I  4  Attn:  Dr.  Jaan  F.  DeLord,  Dir. 

j  of  Reaaareh 

i 

TWOB,  Inc. 

Wilton,  Conn. 

1  Atto:  Hra.  Marlon  £.  Oahand 

Varlan  Aaaoclates 
Palo  Alto,  Calif. 

^  1  Attn:  Tach.  Lib. 

Watklna- Johnson  Co. 

Palo  Alto,  Calif. 

1  Attn:  Dr.  H.  R.  Johnson 

Westln^^use  Elac.  Corp. 

BaltDaore  3f  M&. 

1  Attn:  Eng.  Dept. 

H.  B.  Saith,  Mgr. 

1  Attn:  Tach.  Info.  Ctr. 

Mrs.  A.  E.  BattagXla,  Supv. 
1  Attn:  0.  Ross  Kilgore,  M^. 
Applied  Rea.  Dept. 

Wbstln^ouse  Elec.  Corp. 

Elalra,  E.Y. 

1  Attn:  C.  Miller 

Elec,  Tube  Div. 

Westinghouse  Elec.  Corp. 
Pittsburg  22,  Pa. 

1  Attn:  Dr.  0.  C.  Ssiklal 

Westinghouse  Elec.  Corp, 
Pittsburgh  35»  P*» 

1  Attn:  J.  0.  CasUe,  Jr.  It01-1B5 

2  Attn:  R.  E.  Davis 

Zenith  Radio  Corp. 

Chicago  39>  III* 

1  Attn:  J.  Murkin 


j 
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